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[57] ABSTRACT

A dynamic current supply is connected between the
emitter electrode of an output transistor and a point of
reference potential, to progressively increase the magni-

~ tude of the flow of current therebetween, as the output

signal at the emitter electrode approaches the point of
reference potential. The dynamic current supply in-
cludes a current mirror, the output of which is in the
path of and controls the flow of current. An MOS tran-
sistor, the conductivity of which is a function of the
difference in potential between the operating voltage
supplied to the output transistor and the output signal,
supplies the input or control current to the current
MIrror.

20 Claims, § Drawing Figures
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DYNAMIC CURRENT SUPPLY

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

The present invention relates generally to semicon-
ductor amplifiers and more particularly to amplifiers
which can produce an output signal at a level close to
that of a voltage supply rail.

IN THE DRAWINGS

FIG. 1 is a simplified schematic diagram of a comple-
mentary emitter-follower output stage, of the prior art;

FIG. 2 is a simplified schematic diagram of a Class A
amplifier stage of the prior art, permitting signal track-
ing to within Vg, above the negative rail;

FIG. 3 is a schematic diagram of an amplifier incor-
porating one embodiment of the dynamic current sup-
ply, i.e. negative supply or sink of the present invention;

FIG. 4 is a curve showing the relationship of the
amplitude of the output signal to various load, bias, and
control currents of the amplifiers illustrated; and

FIG. 5 is a schematic diagram of an amplifier incor-
porating a preferred embodiment of the dynamic cur-
rent supply. . '

It is known in the prior art to use the complementary
emitter-follower output stage of FIG. 1, for both
“sourcing” and ‘“‘sinking” load currents £1I;. Such an
amplifier includes a current source 11, a pair of comple-
mentary output transistors 13, 15, a pair of bias diodes
17, 19, a signal amplifier transistor 21, input and output
terminals 23, 25, respectively, and a pair of power termi-
nals 27, 29, for connection to positive and negative
operating voltages £V, respectively, all interconnected
as shown. The current source 11 supplies operating
current I; to both the bias diodes 17, 19 and the signal
amplifier 21, which in turn provide bias and signal cur-
rents for operating the output transistors 13, 15. The
output transistors 13, 15 are capable of providing an
output signal to a load 31; the output signal potential
can swing to within (Ve of transistor 1§ + Vg of tran-
sistor 21) of the operating potentials +V, —V at either
extreme, in tracking an input signal applied to input 23,
where V. is the base-emitter voltage drop and Vg, 18
the collector-emitter voltage during saturation of the
transistor. ) |

The load current, =1y is shown in FIG. 4, in relation
to the output signal potential. Qutput transistor 13 pro-
vides the current source for applying + I to the load
31; output transistor 15 provides the current sink for
applying —1; to the load 31. The geometries of trans-
conductance ratios of the bias diodes are chosen to
produce a small idling current through the output tran-
sistors 13, 15 to minimize *“crossover” distortion. This
amplifier circuit, as well as the amplifier circuits of
FIGS. 2, 3 and §, can be in integrated or discrete circuit
form. | | |

When 1its necessary, for example, to sink current to
closer than (Vpe+ Vi) of an operating potential —V
(negative rail in an integrated circuit) or when the fre-
quency limitations of a monolithic PNP lateral output
transistor cannot be tolerated, the complementary emit-
ter-follower output stage cannot be used. For such a
requirement, it is known in the prior art to employ a
Class A output stage such as shown in FIG. 2. This
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output stage includes an NPN emitter-follower output
transistor 33 connected to a sink 35 of constant current
I, and output terminal 51. The current source 37 pro-
vides an operating current 1y for signal amplifier tran-
sistor 39, and a biasing current for output transistor 33.
Current sink 35 can be operated to within Vg, above
the negative rail 41, that is, Vg, above the operating
potential —V applied to power terminal 43..

A positive operating voltage +V is applied to posi-
tive rail 45 via power terminal 47. Input signals are
applied to input terminal 49, and a load 53 is connected
between output terminal 51 and a poini of reference
potential, ground in this case.

Although this circuit overcomes the signal tracking
and frequency limitations of the complementary emit-
ter-follower output stage of FIG. 1, it has an inherent
disadvantage that the power consumption can be exces-
sive. Current sink 35 draws a constant amount of cur-
rent having a magnitude substantially equal to the maxi-
mum expected load current. In some designs this cur-
rent I> must be relatively high, and in such designs there
i§ excessive power consumption.

The present inventor recognized that the circuit per-
formance could be improved in the respect discussed
above, if the current sink or supply 35 were made varni-
able. The current sink 35 rather than withdrawing a
constant current, would withdraw only as much as
required to provide an output signal at the desired volt-
age level. In other words, the sink 35 would become
operative only at such times that the polarity of the
output signal became negative, and would withdraw
only enough current I to ensure that the output signal
at terminal 51 were at the required negative value.
Looked at another way, the magnitude of the sink cur-
rent of current sink 35 would be made a function of the
polarity and amplitude of the output signal at any given
time. The current curve I'4, shown in FIG. 4, 1llustrates
this desired characteristic. The impedance of load 33
must, of course, be considered in determining the re-
quired values of magnitude of sink currents I'y, required
for maintaining a desired range of amplitudes of an
output signal.

A circuit operating on this principle is illustrated in
FIG. 3. The circuit is similar to the one of FIG. 2; how-
ever, the current supply 35 is replaced by a “dynamic”
current supply 55. The latter includes an NPN transistor
57 having a collector electrode connected to the com-
mon connection 71 of the emitter electrode of output
transistor 33, the gate electrode of PMOS transistor 63,
and output terminal 51. The emitter electrode of transis-
tor 57 is connected to power terminal 43, and its base
electrode is connected to the base electrode of another
NPN transistor 59. NPN transistor 59 also has its base
electrode connected to its collector electrode, and its
emitter electrode coupled via a scaling resistor 61 to the
negative rail 41. A PMOS transistor 63 1s connected at
its drain electrode to the collector electrode of NPN
transistor 59, and at its source electrode via a load resis-
tor 65 to the collector electrode of a PNP switching
transistor 67. The PNP switching transistor 67 is con-
nected at its emitter electrode to the positive rail 45, and
at its base electrode to a bias terminal 69.

NPN transistors 57 and 39 form a current mirror,
having an output terminal 71, an input terminal 73, and
a common terminal 75. The product of the magnitude of
the input current I3 times the mirror ratio determines
the magnitude of the output or sink current Is. The
input current I3 may be thought of as a control current
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tor the current mirror 57, 59. The magnitude of I3 is
determined by the potential difference between the
operating voltage 4V and the output signal voltage
appearing at terminal 51, and the value of load resistor
65. This potential difference minus the voltage drop
across load resistor 65 determines the gate-source po-
tential of PMOS transistor 63, and thus the conductivity
of this transistor 63 and the magnitude of I3, which is
the source-drain current of the PMOS transistor 63.

In operation, when it is desired to turn on the dy-
namic current supply 55, switching signal is applied to
bias or control terminal 69, of sufficient amplitude to
saturate switching transistor 67, thereby connecting
resistor 65 to the positive rail 45. The use of switching
transistor 67 permits the dynamic current source 55 to
be turned on and off selectively or programmably. As-
sume that positive and negative going signals are ap-
plied to input terminal 49. As shown in the curves of
FIG. 4, the amplifier is balanced to provide a zero po-
tential output signal at output terminal 51, whenever a
quiescent input signal is applied to input terminal 49. At
such times, the magnitude of the control current I3 will
be such as to cause the output or sink current 14 of the
current mirror 87, 89 to be equal to some value 14 (the
value at point A on the graph). If the output signal
increases In value (becomes more positive), due to a
drop in amplitude of the input signal, the output or sink
current 14 will decrease in magnitude. The increased
potential at the gate electrode of PMOS tiransistor 63
causes a decrease In tts source-drain current I3, which is
the input current to the current mirror. As a result I,
the output current of the mirror, also decreases. Thus,
as contrasted to the prior art FIG. 2, where I>is a con-
stant, here [3 and I4 are variable and as the input signal
decreases in value, these two currents also decrease in
value. On the other hand, when the input signal at ter-
minal 49 becomes more positive, the output signal will
become more negative. This results in increased source-
drain current flow through PMOS transistor 63, that is
increased input current I3 to the current mirror 57, 59.
This, 1n turn, means increased output current I4 through
the current mirror and a drop in the voltage between
node 71 and common terminal 43, that is, a decrease in
the impedance and therefore of the voltage between
output terminal 51 and the negative rail 41. At the limit,
the output voltage can come within Vg, of transistor 57
of the negative rail 41 or operating voltage —V, pro-
vided that I4= —I,. Transistor §7 permits sinking of the
output signal to swing negatively to within Vg, of —V,
regardless of whether single or dual power supplies are
used.

‘The mirror ratio n of the current mirror transistors
57, 89 1s made greater than 1 to reduce the magnitude of
control current I3 required to produce a desired output
or sink current I4. Also, the scaling resistor 61 may be
included to further increase the value of the mirror
ratio, depending upon the value of scaling resistor 61. In
this manner, the power efficiency of the dynamic cur-
rent supply 1s increased by reducing the power dissipa-
tion in those elements through which control current I3
flows. For example, if the total mirror ratio with the
scaling resistor is equal to 8, then for a given magnitude
of I3, the magnitude of 14 will be 8 times greater. Obvi-
ously, for positive-going excursions of the output signal,
the output signal can go to within Vj, plus Vg, of the
positive rail 45 or operating voltage +V, the Vg, value
being that of current source 37.
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The efficiency of the dynamic sink or supply 85 can
be further improved, if the output or sink current I4
could be made zero for positive going output signal
potentials. The ideal characteristic for the output cur-
rent I4, 18 the current curve I'4 shown in FIG. 4.

In a preferred embodiment of the invention, the load
resistor 65 is returned to a bias potential that is less
positive than the operating voltage +V, required to
attain desired magnltudes for the output or sink current
I4. | |

In the circuit of FIG. 5, the dynamic current sink or
supply 77 includes a circuit 79 in addition to what is
present in FI1G. 3 to provide such as bias potential. The
dynamic current supply 77 is similar to the dynamic
current supply 55 of FIG. 3, except that the connection
between the load resistor 65 and the collector electrode
of switching transistor 67, has been opened and the bias
potential circuit 79 coupled between these points. The
bias potential network or circuit 79 includes an NPN
emitter-follower transistor 81 having an emitter elec-
trode connected to one end of load resistor 68, a collec-
tor electrode connected to the collector electrode of
switching transistor 67, and a base electrode connected
to one end of a resistor 83, the other end of which is
connected to the common connection of the collector
electrodes of transistors 81 and 67. A Zener diode 85
has a cathode electrode connected to the common con-
nection of resistor 83 and the base electrode of transistor
81, and an anode electrode connected to one end of
another resistor 87, the other end of which is connected
to the negative rail 41. The values of resistors 83 and 87,
and Zener diode 85 are chosen to provide a desired bias
potential or operating voltage at the common connec-
tion of load resistor 65 and the emitter electrode of
transistor 81. This value usually is substantially lower
than the operating voltage + V. Emitter-follower tran-
sistor 81 is included to prevent loading of the voltage
reference circuit including the Zener diode 85, and
remstcrs 83 and 87. |

- With such an operating or bias voltage supplied to the
dynamic current supply 77 from the bias potential net-
work 79, a control current 1'3 will be supplied to the
current mirror 57, §9, providing an output current I's.
As previously mentioned and shown in FIG. 4, the
resultant output or sink current 14 is preferred, for en-
hancing the power efficiency, and has the characteristic
shown with relation to the output signal potential.
Switching transistor 67 is operated to couple the operat-
ing voltage +V to the bias or reference voltage net-
work 79, for energizing the dynamic current supply 77.

When the values of the operating voltage +V and
reference potential —V decrease to values at which the
dynamic current supply 77 becomes inoperative, it is
desirable to include additional circuitry to provide at
least a minimal sink current for output transistor 33 at
such times. This minimal sink current is provided by
NPN transistor 89, having a collector electrode con-
nected to the emitter electrode of output transistor 33,
an emitter electrode connected to the negative rail 41,
and a base electrode connected to a bias terminal 91. A
DC bias is applied to terminal 91, establishing a mini-
mum sink current, tn applications requiring such a pro-
vision. In applications not requiring a minimum sink
current, or where it is unlikely that the operating refer-
ence voltages +V and —V could decrease to values
rendering the dynamic current supply 77 inoperative,
bias terminal 91 would merely be connected to ground
or left floating (or transistor 89 removed).



Re. 30,948

S

‘The dynamic current supply 77 is designed to draw
more current than required by the load. The excess
(I'a+Is—1I.) will then be supplied by output transistor
33. This approach avoids instabilities which can occur
In some quasicomplementary amplifiers, due to phase

shift in feedback signals. In the invention, phase shift of

I'y is of no consequence, so long as the instantaneous
value of sink current exceeds the load demand. |
Assume that switching transistor 67 has been satu-
rated by the application of a switching voltage to its
base electrode 69. If, for example, resistors 83 and 87 are
made 15 kohms and 20 kohms, respectively, and Zener
diode 85 is an 8 volt Zener, about 0.628 milliamperes
will flow through this series circuit, if terminals 47 and
43 are at + 15 volts and — 15 volts, respectively. Under
these conditions, about 4 5.6 volts will be supplied to
the base electrode of transistor 81, resultmg ina +5
volts potential at the common connection between load
resistor 65 and the emitter electrode of transistor 81,
assuming there is about a 0.6 volt drop across the base-
emitter junction of transistor 81. If the qulescent 51gnal
is applied to input terminal 49, load resistor 65 is 12
kohms, and scaling resistor 61 is 30 ohms, then for a
zero volt output signal at output terminal 51, about 180
microamperes will flow through the current path in-
cluding the collector-emitter electrodes of transistor 81,
resistor 65, the source-drain electrodes of PMOS 63,
and the collector-emitter electrodes of transistor 59.
Such a current flow will cause a drop of 2.6 volts across
load resistor 65, and a voltage drop across the gate-
source electrodes of transistor 63 of about 2.4 volts,
resulting in a zero volt output mgnal at output terminal
51. Under these conditions, the mirror or load current
I's will be about 600 microamperes, which represents
the idling intercept for I'4 (see FIG. 4). Ideally, I'4 could
approach a zero-current 1d1mg intercept as in FIG. 4,

but this is difficult to control in practice If the circuit of

FIG. 3 had the same values as given in this example, it
can be shown that the idling current intercept A, for 14,
would be about 3.6 milliamperes. Therefore, the FIG. §
circuit has been improved over the FIG. 3 circuit by a
factor of six, as to the idling current intercept approach-
ing the ideal value of zero.

Assuming values for FIG. 5 as given in the preceed-
ing paragraph, if the output signal swings to within
Vsar. of the — 15 volts reference potential, the load cur-
rent, that i1s I'y, must be about 7.5 milliamperes for a
(commonly-used) 2 kohm load. The dynamic current
source 77 will ensure such a magnitude of current flow.
The prior art circuit of FIG. 2, to also ensure such a
current flow, must provide a magnitude of current I, of
about 7.5 milliamperes at all times, even when the out-
put signal at output terminal 51 is positive. Even with
the circuit 79 added to the dynamlc current supply 77,
it can be seen that this combination is far more efficient
than the prior art circuit of FIG. 2. With a zero voltage
output signal at terminal 51, this combination draws
only about 1.408 mi]liamperes total current. Therefore,
for the circuit parameters given in the example, the
circuit of FIG. § is at least § times more efficient than
the prmr art circuit of FIG. 2.

It 1s preferred that a PMOS transistor 63 be used in
the dynamic current supplies 55, 77, both because of
such devices wideband capabilities and the ability ‘to
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should also be noted that if the complementary version
of the amplifier output stage circuits of FIGS. 3 or §
were employed, complementary’ dynamic current
supplies of the embodiments of the present invention
could be employed to permit the output signal of such
complementary versions to approach within Vg, of the
positive rail.

What is claimed is:

1. In combination:

a power terminal for receiving an operating voltage;

a reference terminal for receiving a reference voltage:

an input terminal;

an output terminal;

an output transistor having a collector electrode con-
nected to ‘said power terminal, a base electrode
coupled to said input terminal, and an emitter elec-
trode connected to said output terminal;

a controlled-current-supply transistor having a prin-
cipal conduction path between a first electrode
thereof and a second electrode thereof, the conduc-
tivity of said path being directly related to the
potential between said first electrode and a third
electrode of said controlled-current-supply transis-
tor, the first and second electrodes of said con-
trolled-current-supply transistor being connected
respectively to said reference terminal and to said
output terminal; and in addition to the foregoing
elements,

means, connected to the emitter electrode of said output
transistor, for sensing the potential [appearing] at
said output terminal with respect to one of said oper-
ating and reference voltages to generate a control
signal applied between the first and third elec-
trodes of said controlled-current-supply transistor
to increase its conduction as the potential between
said reference terminal and said output terminal
decreases in value.

2. The combination of claim 1, wherein said con-
trolled-current-supply transistor has a direct current
conductive connection between its first and third elec-
trodes which includes a semiconductor diode means.

3. The combination of claim 2 wherein said means for

- sensing the potential [appearing] at said output termi-

435

30

335

operate with a drain-source potential 1 Vy, less than 65

gate-source potential, allowing the output signal to go
to the negatwe rail 41. However, a PNP transistor
could be used in place of the PMOS transistor 63. It

nal includes:
a first resistor;
an MOS transistor having a gate electrode connected
to said emitter electrode, a drain electrode con-
nected to the third electrode of said controlled-cur-
rent-supply transistor, and a source electrode con-
nected to one end of said first resistor, the other
end of which is coupled to said power terminal.
4. The combination of claim 3 further including:
switching means connected between the other end of
said first resistor and said power terminal, respon-
sive to a switching signal, for selectively connect-
ing and disconnecting said operating voltage from
- said first resistor.
5. The combination of claim 2, wherein said means
for sensing the potential [appearing] at said output

60 terminal includes:

a first resistor:

an MOS transistor having a gate electrode connected
to said emitter electrode, a drain electrode con-
nected to the third electrode of said controlled-cur-
rent-supply transistor, and a source electrode con-
nected to one end of said first resistor;

bias potential supply means coupled between said
power terminal and said reference terminal, for



Re. 30,948

7

providing a bias voltage to the other end of said
first resistor, the amplitude and polarity of said bias
voltage being such that for one polarity of said
output signal substantially no control current will
flow, whereas for an opposite polarity of said out-
put signal a control current will flow having a
magnitude determined by the value of said first
resistor and the difference between said bias volt-
age and the potential at said output terminal.

6. The combination of claim 2, wherein said

semiconductor diode means comprises a self-biased
transistor:; |

7. The combmation of claim 2, wherein said

direct-current-conductive connection between the
first and third electrodes of said controlled-current-
supply transistor includes a resistor 1n series con-
nection with said semiconductor diode means.

8. The combination of claim §, wherein said bias

potential supply means includes:

second and third resistors;

an emitter-follower transistor having a collector elec-
trode coupled to said power terminal, an emitter
electrode connected to the [and} end of said first
resistor remote from the source electrode of said
MOS transistor, and a base electrode connected to
a first end of said second resistor, the second end of
which is coupled to said power terminal; and

a diode poled for reverse conduction in a connection
between the base electrode of said emitter-follower
transistor and one end of said third resistor, the
other end of which is connected to said reference
terminal, the amplitude of said bias potential being
determined by the breakdown voltage of said diode
poled for reverse conduction and the resistances of
said second and said third resistors.

9. The combination of claim 8 including:

switching means connected between the second end
of said second resistor and said power terminal,
responsive to a switching signal, for selectively
applying and removing said operating voltage from
said bias potential means.

10. The combination of claim 5, which further in-

cludes:

a pull-down transistor having a collector electrode

connected to the emitter electrode of said output

transistor, an emitter electrode connected to said
reference terminal, and a base electrode; and

a bias voltage connected across the base-emitter elec-
trodes of said pull-down transistor, of such value to
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ensure a predetermined minimum magnitude of 50

current flow between said reference terminal and
the emitter electrode of said output transistor.

11. An amplifier comprising, in combination:

first and second terminals for an operating voltage
source;

a transistor having base, emitter and collector elec-
trodes, connected at its collector electrode to the
first of said terminals; and in addition to the forego-
ing elements, |

controllable impedance means coupling said emitter
electrode to said second terminal, further including
means responsive to the voltage at said emitter
electrode with respect to the voltage at one of said first
and second lerminals, when it approaches the voli-
age at sald second terminal more closely than a
predetermined amount, tor reducing the impedance
of said controllable impedance means between said
emitter electrode and said second terminal to a

55
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value such that the voltage between said two termi-
nals reduces to lower than 1 IV, 1 V. being the
voltage between the base and emitter electrodes of
a transistor which is necessary to support conduc-
tion through the transistor.

12. An amplifier as set forth in claim 11, wherein said
means responsive to the voltage at said emitter elec-
trode comprises an input current path of a current mir-
ror amplifier, and said controllable impedance means
comprises an output current path of said current mirror
amplifier, and comprises further, means for supplying
an amount of input current to said input current path as
a function of the voltage at said emitter electrode.

13. An amplifier as set forth in claim 12, wherein said
output current path comprises the emitter-to-collector
path of a transistor whereby, in the limit, the voltage
between said emitter electrode and said second terminal
can reduce to Vg4, the voltage between the emitter and
collector electrodes of this transistor, at saturation.

14. An amplifier as set forth in claim 12, wherein said
means responsive to voltage further includes means for
reducing to substantially zero the flow of current
through said output current path when the voltage at
said emitter electrode is at a particular value between
the voltages at said first and second terminals.

15. An amplifier comprising, in combination:

first and second terminals between which an operat-

ing voltage may be applied;

a signal input terminal;

a signal output terminal;

an output transistor having a collector electrode con-

nected to said first terminal, a base electrode cou-
pled to said input terminal, and an emitter electrode
connected to said output terminal;

solid-state means having a current path connected

between said emitter electrode and said second
terminal, and a control electrode receptive of a
control signal for controlling the impedance of said
current path; and in addition to the foregoing ele-
ments,

means coupled to said output terminal, to said second

terminal, and to said control electrode, responsive
to an output signal at said output terminal with
respect to the voltage of one of said first and second
terminals, for applying a control signal to said con-
trol electrode, for reducing the impedance of said
current path, as the output signal amplitude ap-
proaches the voltage level at said second terminal
more closely than a predetermined amount.

16. The amplifier of claim 18§, further including: a
current mirror amplifier having input, output and com-
mon terminals, said common terminal being connected
to said second terminal, an input current path between
said input and common terminals and an output current
path between said output and common terminals; and
voltage sensing means coupled to said input current
path for controlling the current passing through said
input current path, said means coupled to said output
terminal comprising said voltage sensing means and said
input current path of said current mirror amplifier, and
sald solid state means comprising said output current
path of said current mirror amplifier.

17. The amplifier of claim 16, wherein said voltage
sensing means includes a MOS transistor having a
source electrode coupled to said first terminal, a gate
electrode connected to said output terminal, and a drain
electrode connected to said input terminal of said cur-
rent mirror amplifier.
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18. The amplifier of claim 15, wherein said solid-state a second transistor having a base electrode and a
means comprises a transistor having emitter, base and collector electrode connected in common to the
collector electrodes, said current path comprising the base electrode of said first transistor and to the

input terminal of said current mirror amplifier, and
5 an emitter electrode coupled to said common ter-
minal of said current mirror amplifier.
20. The amplifier of claim 15, further including:

collector-to-emitter path of said transistor, and said
control electrode comprising said base electrode.
19. The amplifier of claim 16, wherein said current

nirror ampllﬁn?r mcludels: a second transistor, said second transistor including a
a first transistor having a collector electrode con- collector electrode connected to the emitter elec-

nected to the output terminal of said current mirror g trode of said output transistor, an emitter electrode

amplifier, an emitter electrode connected to said connected to said second terminal and a base elec-
common terminal of said current mirror amplifier, trode to which a bias voltage may be apphlied.

and a base electrode; and - x x % *
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