
HIGH EFFICIENCY AMPLIFIER WITH REDUCED SWITCHING DISTORTION BACKGROUND OF
THE INVENTION The invention relates to power amplifiers.   In particular,
the invention relates to a switchable amplifier operating between at least
two power levels 5      which has reduced switching distortion, fast
response time and improved power handling. A class-G power amplifier
disclosed in Sampei, U.S. Patent No. 3,961,280, switches between two levels
of rail voltages (two positive and two negative rails) 10      to provide a
more efficient and cooler running design than single rail voltage
approaches (with one positive and one negative rail). At idle and at
relatively low signal conditions, the class-G power amplifier uses the low
supply rails. As signal conditions increase, i.e., 15      when the output
swing exceeds the lower supply rail voltage, the amplifier automatically
switches to the higher supply rails for that portion of the output swing
that exceeds the lower rail voltage.   This approach improves the overall
efficiency of the design 20      because for a large portion of the signal
conditions, 



the amplifier uses the low voltage rails which are typically one-half the
voltage of the high voltage rails. As a result, the input power, and
ultimately the power dissipation is less than that of the 25
conventional class-AB approach. At lower power levels,    2 power
dissipation is approximately one-half of the class-AB value.   Thus, with
the same output power level, a switchable class-G design can use smaller
heat sinks and power transformers than a comparable class-AB 5      design.
Most known class-G amplifier designs, however, have   severe   performance
limitations   at   high frequencies. Typical slew (switching) rate values
are low, and the total harmonic distortion (THD) is high 10      due  to
device  switching  limitations.    In  known arrangements, for example,
switching is accomplished by a  diode  and  a pair  of  power  transistors.
The saturation and switching characteristics of such 



devices determine the transient response of the output 15      signal at
the rail transition and limits the speed at which the output can slew from
rail to rail. Fig. 3 shows the basic circuit of a known class-G amplifier,
similar  to  Sampei  above.        In  the arrangement, two different
voltage supplies [err] and [err] 20      representative of the respective
low and high power supplies (rails) are coupled to a pair of corresponding
amplifiers [err] and [err] connected in series, as shown, with the emitter
of [err] coupled to the collector of [err] A switching diode Ds is
connected between the series 25      connection of the amplifiers [err] and
[err] as shown, and to the lower voltage supply VL. A similar arrangement
3 is provided on the complementary or opposite polarity side using
respective negative low and high voltages, - [err] and - [err] and
amplifiers [err] and [err] which are devices of opposite conductivity type
as illustrated. 5           In the arrangement illustrated in Fig. 3, the 



device [err] or [err] is referred to as the upper device and the device
[err] or [err] is referred to as the lower device.  When the input signal
[err] is less than the lower rail voltage [err] the upper device [err] is
cut off, 10      and the lower device QL supplies output current via [err]
which is forward biased. When the input signal exceeds the lower voltage
[err] the upper device [err] is turned on. When this happens, the switching
diode [err] is reverse biased and cuts off the current from the lower
voltage 15      VL for that portion of the output signal swing that exceeds
[err]  The diodes [err] and [err] which are in the respective base circuits
of the lower and upper devices, establish a voltage relationship between
the devices so that the lower device QL is prevented from 20      going
into saturation. Attempts have been made to improve the efficiency and
performance of class-G operation.   For example, Dijkmans et al., U.S.
Patent No. 4,706,035, shows two level output (two positive and two
negative) class-G 25      amplifier with a bootstrap capacitor for driving
the output up to the second supply voltage.  A switching  



4 diode is in the output circuit of the low voltage source. A series diode
circuit is provided between the bases of the output devices. Although the
bootstrap circuit improves output swing, the upper output device 5
still becomes saturated, thereby reducing the system performance. In
class-G operation switching distortion will occur twice each half-cycle as
the input signal [err] increases above or decreases below the lower voltage
10      VL.  The distortion caused in conventional class-G operation is due
to switching delays occurring at such transitions. SUMMARY OF THE INVENTION
15           The present invention is based upon the discovery that an
amplifier operating in plural voltage modes may be implemented with reduced
switching distortion and improved power handling by means of parallel
device outputs with separate switching diodes. There is also 20
provided means for preventing saturation of the output 



devices in each of the various voltage modes.   In addition, a broadband
improvement in switching speed and a reduction in switching distortion may
be achieved by maintaining a small input drive current in a 25
predetermined relationship with respect to the output    5 so that the
upper devices are forced into a low conduction state prior to switching
between the modes. In one embodiment, the invention is directed to an
amplifier switchably operative in plurality of voltage 5      modes
depending on the level of the input signal.  The amplifier comprises a
common driver for each level, a plurality of output devices arranged in
parallel, each operative at a selected voltage level and being coupled to
the common driver for the corresponding voltage 10      mode.  One output
device of each parallel circuit is connected in series to the output device
of the next adjacent voltage level.   Switching diode means is coupled to a
node between series connected output 



devices at each voltage level. 15           In another embodiment, the
invention is directed to an amplifier for switching between voltage modes
which includes a driver and a output device for each voltage level.  The
output devices are connected in series. Means for preventing saturation of
the common 20      driver  and  the  output  devices  in  each  level  is
provided. In another embodiment, the invention is directed to .an amplifier
switchably operative in various voltage modes, each mode including a driver
and an output 25      device.   Each output device is connected in series
between the voltage levels and means is coupled to the    6 input of at
least one of the drivers and the output causing the driver to conduct prior
to switching between the levels. The present invention is designed to
moderate the 5      inherent distortion caused by effects of switching at 



high frequencies, and to improve the performance of class-G operation by
providing a combination of features not presently available in conventional
systems.   In particular, the invention provides for 10      parallel upper
and lower output devices for improved power handling at the intended output
power levels. An individual switching diode is coupled to each pair of
upper and lower output devices to reduce the switching distortion which
would occur if only one switching 15      diode were employed with plural
output devices.   In addition, each amplifier has a common emitter resistor
to enforce current sharing.   The separate switching diodes allow for the
elimination of separate emitter resistors for both the upper and lower
devices which 20      might otherwise be required to force current sharing.
In the present invention, nonsaturating circuitry is provided for both the
upper and the lower devices to improve the slew rate or switching
capability of the 25      devices.  In the prior art, saturation is not
fully considered and once it occurs in a power transistor,   



7 the switching time is increased by about an order of magnitude or more.
As an additional important feature of the invention, low distortion
switching is achieved by 5      means of circuitry which causes the upper
power devices to turn on with a relatively low current prior to the point
where the input signal makes a transition above or below a reference, e.g.,
the lower voltage rail. In other words, prior to the input signal exceeding
the 10      low rail voltage,  the upper device  is turned on slightly so
that when full voltage switching occurs, it is accomplished with negligible
switching distortion. Likewise, when the input signal decreases to near the
lower rail voltage the upper devices remain turned on 15      during the
transition with low current flow so that again switching occurs with
virtually no distortion. The foregoing arrangement is achieved at low as
well as high frequencies. 20      BRIEF DESCRIPTION OF THE DRAWINGS Fig. 1
is a schematic diagram illustrating a high 



efficiency amplifier with low switching distortion according to one
embodiment of the invention employing a grounded supply; 25           Fig.
2 is a schematic diagram of a high efficiency amplifier with low switching
distortion in accordance    8 with another embodiment to the invention
employing a driven power supply; and Fig. 3 is a schematic diagram
illustrating a conventional class-G amplifier. DESCRIPTION OF THE INVENTION
Fig. 1 illustrates an embodiment a high efficiency amplifier with reduced
switching distortion of the invention using, for ease of description, a
so-called 10      grounded supply approach.  In the present invention,
there is provided bipolar, [i.e., plus (+) and minus (- )] lower rail
voltages [err] and +/- upper rail voltages [err] which are generated from
respective full wave bridge rectifiers 12 and 14 supplied from a center-tap



15      transformer 16.  Filter capacitors 18, 18' store the rectified
voltage from the lower windings 20 of the transformer 16 for the low rails
+/- [err] Likewise, the filter capacitors 22, 22' store the rectified
voltage from the upper windings 24 of the transformer 16 for 20      the
upper rails +/- [err] as illustrated.  Typically, the lower windings 20
have half as many turns as the upper windings 24. The transformer 16 is
shown connected to a conventional 120 volt supply. The present invention
includes respective sets of 25      lower devices 30 and upper devices 32.
The lower devices include a driver 34 and a plurality (at least    9 two)
of lower output devices 36A-36N. The emitter of the driver 34 is commonly
coupled to the base of each of the lower output devices 36A-36N in a
Darlington configuration. Likewise, the upper devices 32 comprise 5      a
driver 38 in a common Darlington configuration with a plurality of upper
output devices 40A-40N. On the 



negative side, the devices are of the opposite conductivity type, as
illustrated, and are labeled with primed (') reference numerals
corresponding to similar 10      elements on the upper side.  The lower
output devices 36A-36N and the upper output devices 40A-40N will be
referred to without letter designations unless reference to a particular
device is required. In Fig. 1, each lower device 36 is coupled with a 15
corresponding  upper  device  40  in  series,   as illustrated. For
example, the lower device 36A has its collector coupled to the emitter of
the upper device 40A. Each lower device 36A-36N has its emitter coupled to
an corresponding emitter resistor 42A-42N, and to 20      the common output
lead 43, as illustrated.  The emitter and collector of each pair of series
connected devices 36A,40A----36N,40N form a corresponding node 45A-45N. A
corresponding switching diode 44A-44N are coupled between the corresponding
node 45A-45N, and commonly to 25      the lower voltage [err]    



10 The input signal swing is provided by a pair of pre-drivers 48, 48',
which are coupled across the circuit by means of a bias string 53
comprising series connected diodes 56A-56N, double diode 52, diode 5
resistor combination 54, diode 55 and series connected diodes 56A'-56N'
connected between a bias supply B++, B--, as shown. The bases of the upper
and lower drivers 38 and 34 are coupled by a set of series connected diodes
56A- 10      56N, forward biased with respect to the driver 34, and a diode
58, reverse biased with respect to driver 38. The upper driver 38 is
coupled between the upper rail [err] and the output 43 by a pair of series
connected capacitors 60 and 62.  In addition, the base of the 15
driver 38 is coupled to the output 43 by means of zener diode 64 and
resistor 66. Resistor 68 supplies current to the zener diode 64 from the
upper rail [err] as shown. As noted above, the upper and lower portions of
20      the circuit 10 are true mirror images of each other with the
devices either being poled oppositely or being of opposite conductivity
type.  Accordingly, in the 



description below, unless necessary, only the upper half of the circuit 10
is described. 25           At power on, but at zero input signal
conditions, the amplifier 10 operates from the low voltage supply    VL as
follows. On the positive side, the collector of the Darlington driver 34
and the output devices 36A-36N are all at the lower voltage +[err] less one
diode drop which is established by the switching diodes 44A-44N. 5
Similarly, on the negative side, the Darlington driver 34', the output
device 36A'-36N' are all at [err] less one diode drop via switching diodes
44A'-44N'.  The arrangement is a complementary power amplifier with +/- VL
rails and with an idle current value determined by 10      the bias string
diodes 55, 55' and resistor diode combination 54. The lower drivers 34, 34'
have corresponding common emitter resistors 72, 72' series connected to the
output 43, as illustrated. Likewise, on the lower 15      side, the
emitters of drivers 34, 34' are coupled by a 



resistor capacitor combination 74 in parallel with the common emitter
resistors 72, 72'. These components are employed to turn off the outputs
during alternate cycles of operation, e.g., in typical class-B fashion. 20
Thus, each of the lower devices 30 are coupled to the output 43 by means of
the emitter resistors 42A-42N and 42A'-42N', which force current sharing
between the output devices 40A-40N and 40A'-40N', respectively to the
output 43. 25           In the signal driven system in accordance with Fig.
1, the positive and negative pre-drivers 48-48'    12 provide adequate
signal swing to drive the amplifier 10 to the full upper rail voltage [err]
via upper devices 32. For output swings up to but not to exceed [err] the
complementary pre-drivers 48, 48' and the corresponding 5      lower
devices 30 provide an amplified signal powered from voltage rail [err] When
peak the output signal exceeds the lower 



voltage [err] on the positive side, for example, the driver 38 and the
upper output devices 40A-40N are 10      turned on for any portion of the
voltage swing greater than VL.  On the negative side, the driver 38' and
upper output devices 40A'-40N' are driven on for any swing greater than
[err]  During these peak signal swings,  the output 15      current is
supplied momentarily by the +/- [err] rails. The +/- VL supplies are
momentarily idle.  When the signal drops below +/- [err] then the lower
rails take over. During those signal conditions which exceed +/- VL the
upper output devices 40 raise the collector 20      voltage of the lower
amplifiers 36 above the +/- VL. At the same time, the collector to emitter
voltage of each lower device 36A-36N is maintained at a nonsaturated low
voltage value by the series connected diodes 56A-56N. 25           An
important feature of the invention is the employment of separate switching
diodes 44A-44N for    



13 each  device  36A-36N,  which  provide  significant improvement in the
switching time. Separate diodes may be employed which are smaller and have
a lower rating than a single common switching diode.  Accordingly, 5
they are not only physically small and lower in cost, but from a
performance standpoint, they switch at a higher rate and store less energy,
greatly reducing distortion. At the same time, the separate switching
diodes 44A-44N enable the emitter resistors 42A-42N in 10      emitter
circuit of the lower devices 36A-36N to be commonly used in the emitter
circuit of the upper devices 40A-40N, whereby the output currents can be
shared.   This eliminates  the need for additional emitter resistors for
use with the upper devices 40A- 15      40N which is a significant  saving
both in parts requirements and circuit board real estate. Switching
distortion occurs during the transition around [err] Such distortion
results from a number of factors.    First,  there  is  distributed
inductive 20      impedance  in  the circuit  elements  and  capacitive
impedance especially associated with the switching 



diodes  44.    In order  to  minimize  the  switching distortion, it is
useful to gradually turn on or turn off the upper devices 40 prior to the
voltage 25      transition.  For example, at high frequencies, a pair of
series capacitors 60 and 62 establish a voltage    14 divider circuit. The
capacitors 60 and 62 are coupled between the high rail VH and the output
43. The base of the driver 38 is coupled to the node between the capacitors
60 and 62.   At high frequencies,  the 5      capacitors 60 and 62 act as a
reactance whereby a current is supplied to the base of the driver 38 as the
output  voltage  increases.    Accordingly,  at  high frequency the driver
38 is fully turned on causing the upper output devices 40A-40N to amplify
the incoming 10      signal  at  all  input  signal  levels.    While  this
arrangement is not, strictly speaking, pure class-G operation and
sacrifices some efficiency, it is useful at high frequencies to eliminate
switching distortion 



altogether.   In essence, then the upper devices 32 15      operate
independently as a high power amplifier at high frequency,  e.g.,  about
10,000  KHz.    At  lower frequencies, e.g., about 1 KHz, however, it is
not desirable to turn the upper devices 32 full on unless the input signals
exceed [err]   Accordingly,  a low 20      frequency circuit is provided to
gradually turn on the upper driver 38 and the devices 40A-40N before the
transition above [err]  The circuit includes a series connection of zener
diode 64 and upper rail dropping resistor 68.  The node 67 between the
diode 64 and 25      resistor 68 is coupled via resistor 66 to the base of
the driver 38. The zener diode 64 has a fixed voltage    15 drop which
establishes the node 67 at a fixed voltage above the output 43. As the
output signal increases, the voltage node at 67 increases causing the
current to flow in the base of driver 38. This causes the driver 5      38
to conduct.   The degree to which the driver 38 



conducts, however, is a function of the base current. The amount of current
in the base is greatly limited by the resistor 66. Accordingly, the driver
38 is in a low conducting state prior to the input signal 10
transition above [err]   The switching transition is anticipated, because
the upper device is turned on. As a result, the driver 38 and the upper
output devices 40A-40N more gradually switch from the low rail voltage VL
to the high rail voltage [err] resulting in 15      significantly  reduced
switching  distortion.       In addition, because there is a current in the
emitter of the upper devices 32, the switching diodes 44 switch at a higher
speed and with less delay.  As the signal voltage decreases and approaches
VL there is a delay, 20      such that, the upper devices 32 remain on
slightly after the voltage transfers to the lower rail VL. Such an
arrangement softens the switching distortion providing a smoother
transition. Another feature of the invention is the prevention 25      of
saturation in both the lower devices 30 and the upper devices 32. This is
accomplished by means of  



16 diode circuits in the base/collector circuits of both the  lower  and
upper  devices  30  and  32.    The base/collector circuit of the upper
driver 38 contains paired diodes 58 and 70. The purpose of the diode pair 5
is to force driver current into the collector of driver 38 through diode 70
whenever the collector/emitter voltage of the driver 38 reaches a selected
value greater than the saturation voltage. In the lower devices 30 the
diode string 56 is in 10      the base circuit of the lower driver 34, and
the diode 58 is paired with the diode string 56 in the base circuit of the
upper driver 38. When the input signal matches or exceeds the lower rail
voltage [err] the base diode 58 becomes forward biased turning on the upper
15      device 38. In this arrangement, the voltage difference between the
collector and the base of the lower driver 34 is minimized to a value of
the sum of the voltage drops of the diode string 56 minus the voltage drop
of the base diode 58 which is forward biased.   In this 



20      way, the driver 34 is prevented from being driven into saturation,
hence its switching time is greatly improved. According to the invention
the lower devices 30 and the upper devices 32 are prevented from going into
25      saturation,  a condition where the increased drive current  causes
the  devices  to  achieve  a minimum    17 collector  to  emitter  voltage
[err]      Thus,  by preventing saturation, the output recovery speed is
greatly enhanced permitting switching or slew rate values in excess of 40
volts per micro-second. 5      Typically,  recovery speeds are ten times
larger if saturation is permitted to occur and a slew rate of 40 volts per
microsecond would be impossible and the distortion would be high. Fig. 2 is
similar to Fig. 1 except that a driven 10      supply approach is employed
where the output point is now the power supply common and the amplifier
output is 



grounded.   The high voltage pre-drivers 48, 48' are eliminated and the
circuit is driven by an operational amplifier 80 which is powered from a
regulated low voltage source, for example, +/- 15 volts supply.  Idle
current in the bias string 53 is supplied via from the +/- 15V source
supply via resistors 82, 82'. Of note, is that the critical circuit
functions are the same as illustrated in Fig. 1, and the same reference
numerals 20      are  applied  to  the  elements  having  the  similar
functions. The driven supply approach illustrated in Fig. 2 is preferred
since it eliminates the high voltage drivers 48-48', which operate above
VH. This greatly simplifies the power supply arrangement of the 25
amplifier and is much more cost effective.    18 While there have been
described what are at present considered to be the preferred embodiments of
the present invention, it will be apparent to those skilled in the art that
various changes and 



5      modifications may be made therein without departing from the
invention, and it is intended in the appended claims to cover such changes
and modifications as fall within the spirit and scope of the invention.
WHAT IS CLAIMED IS: 1           1.   An  amplifier  switchably operative
in  a 2      plurality of voltage modes depending on the level of 3
the input signal comprising: 4           circuit means for each voltage
mode including a 5      common driver for each level, and a plurality of
output 6      devices arranged in parallel,  each operative at a 7
selected voltage level and being coupled to the common 8      driver for
the corresponding voltage mode, one output 9      device of each level
being coupled in series to an 10      output device of the next lower
level; and 11           switching diode means being coupled between series
12      connected outputs of each output device. 1           2.  The
amplifier of claim 1 further comprising 2      means for preventing
saturation of the common driver 



3      and each output device in each level. 1           3. The amplifier
of claim 2 wherein the means for 2      preventing saturation in each level
comprises paired 3      diode means coupled to each level and a common
terminal 4      of said diode means coupled to the input. 1           4.
The amplifier of claim 3 wherein the diode 2      means comprises at least
a plurality of diodes for    20 1      providing multiple voltage drops in
a lower voltage 2      mode with respect to a higher voltage mode. 1
5.  The amplifier of claim 1 further comprising 2      regulator means
coupled between the output of the 3      amplifier and an input to the
common driver of an 4      elevated voltage mode for causing the driver and
5      parallel connected output devices to be conductive 6      before the
input signal causes switching between the 7      voltage modes. 1
6.    The  amplifier  of  claim  5 wherein  the 2      regulating means
comprises a zener diode. 



1           7. The amplifier of claim 5 wherein the regulator 2
further comprises a series resistor for regulating 3      current to the
driver whereby the output devices are 4      turned on at a relatively low
level. 1           8. The amplifier of claim 5 wherein the regulator 2
means comprises reactive means operative to produce a 3      current to the
driver at relatively high frequency. 1           9. The amplifier of claim
8 wherein the driver is 2      turned on at said high frequency bypassing
switching 3      between voltage modes.    2 1 1           10.  The
amplifier of claim 1 wherein the output 2      devices produce shared
output current. 1           11.  The amplifier of claim 1 wherein the
output 2      devices in a lower voltage mode include impedance means 3
coupled in parallel to the output and wherein said 4      impedance means
acts as a load for each output device. 1           12.  The amplifier of
claim 1 wherein the driver 2      and each output device comprises
complementary pairs of 



3      solid state switching means coupled to a common output. 1
13.  The amplifier of claim 1 wherein the driver 2      and the output
devices are Darlington connected. 1           14.   The amplifier of claim
13 wherein the 2      Darlington  connected  devices  have  a  common  base
3      terminal coupled to an emitter of the driver. 1           15.   An
amplifier switchably operative  in a 2      plurality of voltage modes
depending on the level of 3      the input signal comprising: 4           a
saturable driver for each level, and at least 5      one saturable output
device operative at a selected 6      voltage level and being coupled to
the driver for the    22 7      corresponding voltage mode, the at least
one output 8      device of each level being coupled in series to an 9
output device of the next lower voltage level; 10           switching diode
means being coupled between the 11      series connected outputs; and 12
means for preventing saturation of the driver and 



13      output device in each level. 1           16.  The amplifier of
claim 15 wherein the means 2      for preventing saturation in each level
comprises 3      paired diode means coupled to each level and a common 4
terminal of said diode means coupled to the input. 1           17.  The
amplifier of claim 16 wherein the diode 2      means comprises at least a
plurality of diodes for 3      providing multiple voltage drops in a lower
voltage 4      mode with respect to a higher voltage mode. 1           18.
An amplifier switchably operative  in a 2      plurality of voltage modes
depending on the level of 3      the input signal comprising: 4           a
driver for each level,  at least one output 5      device operative at a
selected voltage level relative 6      to the input signal and being
coupled to the driver for 7      the corresponding mode, the at least one
output device    23 8      of each level being coupled in series to an
output 9      device of the next lower voltage level; 



10           switching diode means being coupled between the 11      series
connected outputs; and 12           regulator means for causing the driver
and output 13      devices of each next higher voltage mode to turn on 14
prior to the input signal achieving the selected 15      voltage level.    


