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method to minimize distortion and power dissipation in a compact amplifier.

TITLE OF THE INVENTION

LOW DISSIPATION AMPLIFIER

RELATED APPLICATION INFORMATION

106017 This application claims the benefit of U.S. Provisional Application Ser.
MNo. 61/155,382 (Attorney Docket 157835-0041) filed on February 25, 2009, hereby

incorporated by reference as if set forth fully herein.

BACKGROUND OF THE INVENTION

1 Field of the Invention

[0002] The field of the invention generally relates {0 amplifiers and, more
specifically, to an improved method to minimize distortion and power dissipation in a

compact amplifier.

2) Background

[00C3] Amplifiers are used for many applications including audio signal
processing, video processing, communications, control systems, satellites, and so
on. Based on its power consumption characteristics, an amplifier may be
categorized into one or more categories including Class A, B, AB, D, GorH. A

general background of different amplifier classifications may be found, for example,
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2) Background [0003]Amplifiers are used for many applications including audio signal processing,
video processing, communications, control systems, satellites, and so on. Based on its power
consumption characteristics, an amplifier may be categorized into one or more categories including
Class A, B, Al Byi6oerskd. A general background of different amplifier classifioatiengonayszbe found, for
example, in R. Bortoni, et al., "Analysis, Design and Assessment of Class A, B, Aft G and H Audio
Power Amplifier Output Stages Based on MATLABO Software," 110th Convention of Audio
Engineering Society (AES), May 12-15, 2001, pp. 1-14, and in "Audio Power Amplification,” J. Audio
Eng. Soc., Vol. 54, No. 4, April 2006, pp. 319- 323, both of which publications are hereby incorporated
as if set fonthfiARBerel Jo0daAGlasE #sigmplifiohistemnericfddgare A Blatively Rrgdlamount of
standing power and is inefficient, and thus undesirable in many applications that require low power
dissipatiofUaiTRsses Amiplifier CaPrAvEAEEs fowestandiho Gslwatron bUt introduces distortion.

A Class AB amplifier is somewhere between the two, and uses bias currents to reduce the distortion

inherent iﬁzﬁr@%?ﬁqﬁﬂﬁﬁ%ﬁ%@@%@”ﬁ@%ﬁfﬁfﬁgﬁs Mavgher ot biBipktidn #8H™ Class B

lifi [ bi t& [0Q05 [ t ller, lifiy [ i
imitation 18 BT () PEMICE HRck gl G or et a1t SRICI2RCS P e hpltier eacs
t issipati hat { issipated b heatsink i der: t lifi tting t
ot howets, B00 PO LG G 26 AT RO e SRS of i U SEEB ochmmaues s

to Improve e o R XA BAIEANIAIA (aea.n amnliicgesign. and henge reduce heatsink
quirements, but these approaches often lead to compromises in the bandwidth, noise or distortion
performangeafihe AMRRE is inefficient, and thus undesirable in many applications that

require low power dissipation. A Class B amplifier can have very low standing power

dissipation but introduces distortion. A Class AB amplifier is somewhere between

the two, and uses bias currents to reduce the distorttion inherent in a Class B

amplifier. A Class AB amplifier has a higher power dissipation than a Class B

amplifier due to the bias currents.

[6805] As equipment gets smaller, amplifiers become an increasing limitation on

the ability to reduce packaging size. The inevitableltimited efficiency of an ampilifier

leads to power dissipationsihat must be dissipated by a heatsink in order to prevent

the amplifier getting too hot; however, a large heatsink can fake up an inordinate

amount of packaging space. Technigues exist to improve the efficiency over that of

a standard Class AB amplifier design, and hence reduce heatsink reguirements, but

these approaches often lead to compromises in the bandwidth, noise or distortion

performance of the amplifier.

[6008] There are at least two aspects to the power dissipation of an amplifier

system. The first is commonily known as idie or standing dissipation — that is, power

dissipated when the amplifier is gelivering no power io the load. With a conventional

finear ampilifier, this standing dissipation, which includes the bias current applied to
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[0006]There are at least two aspects to the power dissipation of an amplifier system. The first is
commonly known as idle or standing dissipation - that is, power dissipated when the amplifier is
delivering no power to the load. With a conventional linear amplifier, this standing dissipation, which
includes the biaseuressusapplied to the amplifier, is primarily concentratedeintinezdriversasnd output
stage of the amplifier and is generally required in conventional amplifier designs to minimize crossover
distortion. In a high performance audio power amplifier of a nominal 100 Watt sine wave power
capability into an 8Q load, for example, the idle current may be of the order of 100-200 milli-amps per
channel. With a quiescent power supply voltage of typically +1-45 Volts, this idle current results in
roughly 9-4% AR '8F, iﬁlé’%\%@ycﬁgé’ﬁ%ﬁ%ﬁ%&%ﬁﬁﬁf@{ STRICCANT &80 ACEIRt HTEBIESH for a stereo
amplifier, but for a multi-channel amplifier it js an even larger problem, as the idle dissipation quickly

becomes BORdEGGa%E M EERY i %?WBHHBF?E‘maP@%&&&?[@a‘émF}%fﬁ% dGaRPErplifiers, large
neatSs g g e s 1 lsapate e sy and keep e empcratu g e devices

down, butTor size-constrain [onsS such'as auto ve the size and

weight of the geagsink Ca%%%%b?nttmearna%eﬁ'E&%@O%JQ%E@ 8(;rltjtrhr%?t gé}rg ?,5?1{ ganrgg’%lﬁg%%} ﬁStem must
| [o] r

general!y S te?ﬁre?ﬁ €0 yproguctlpn foroptimum 61 _ n creases
okt s T A SIS IR R Ao Shte b epesal R e, Thereore
the idle poyyer issipat QAL REOBIRM RN AMPIIRIRIRANCES EXN D18 Watts of idle power

dissipation per channel. This can be a significant prablem for a steres amplifier, but

for a multi-channel amplifier it is an even larger problem, as the idle dissipation

quickly becomes excessive as the number of amplifiers is increased.

[0007] For home audio amplifiers, large heatsinks can often be used to dissipate

the power and keep the temperature of the power devices down, but for size-

constrained applications such as automotive entertainment systems, the size and

weight of the heatsink cannot be tolerated.

[0008] The idle curréﬂt for an amplification system must generally be set at the

time of production for optimum distortion performance and thus increases production

costs. The idle current requirements can also change with temperature and age.

Therefore, over time or after prolonged use, the quality of the amplifier cutput may

deteriorate.

[0069] To add to the idle power dissipation problem, an amplifier produces extra

dissipation, sometimes referred to as dynamic dissipation, when it is delivering a

signal fo the load. In practice, a nominal 100 Watt capability linear power amplifier

may well dissipate 40 Watt worst case when delivering sine wave signals to a load.

With music as the audio source for the amplifier, this figure is lower since music has

a higher crest factor than sine waves, but may still approach 30 Watts per channel.
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dissipation, sometimes referred to as dynamic dissipation, when it is delivering a signal to the load. In
practice, a nominal 100 Watt capability linear power amplifier may well dissipate 40 Watt worst case
when delivering sine wave signals to a load. With music as the audio source for the amplifier, this

figure is lowemgingaamusis has a higher crest factor than sine waves, but ”WT%%E&%P#%%@ 30 Watts
per channel. WO 2010/099349PCT/US2010/025455 [0010]Various techniques have béen employed
to reduce both the idle power dissipation and the dynamic power dissipation of linear amplifiers. One
technique that can be employed to reduce idle power dissipation is to decrease the output stage bias
current. However, this causes crossover distortion to increase which is difficult to eradicate with
conventior&Priégativefeddiratdcarigmestheentplifieerdaydhinteshrigushagdtiasiiegten the
dynamic power dissipation. [0011]Another approach that can reduce both idle and dynamic dissipation
is to use dERREIG AR CEtgaratver Thisit@lkss dirincarenciaifieeds commenlyiattributed to
Hitachi (see "Highest Efficiency and Super Quality Audio Amplifier Using MOS Power FETs in Class G
Operation M ER RS FEARGYRS & eBHeRIING PR@rohtsalsin CH@deNoase fugostl@78), although
the basic technique appears to have been described previously (see, e.g., U.S. Patent No. 3,622,899).
A 'Class G“:‘tgﬁﬁ)%f%? 'ﬁ%erﬁ'@ﬁ‘ﬁ%‘%’in?ﬁiﬁé’%ﬁﬁ%ﬁ OotRgR difssEandcolipeadeviddshunder idle

conditions whilst, also reducing dynamic power dissipation by ensuring that the voltage across the
e 8 &?%%gl{%ﬁgﬂ%ﬁﬁﬁﬁnﬁbﬁ% @ﬁ%ﬁ%@?&ﬁ@ﬁ@tﬁ“‘m@fﬁéhdf%i?ﬁamic power

power devicesis also re

dissipationjg. | H ng ver, the switching of the output devices between the power rails often
causes glitc es%nﬁ %ﬁ%%?xﬁgvee %??not%’%% BRAT LR it HHELR glitches have significant high

R i L T

[0012]An aligraativayay hisfmeriag-AglRligndissiRakenis o Implement a . commonly
altributed to Hitachi (see "Highest Efficiency and Super Quality Audio Amplifier Using
MOS Power FETs in Class G Operation,” IEEE Transactions on Consumier
Electronics, Vol. CE-24, No. 3, August 1978), although the basic techﬁique appears
to have been described prevfous!y (see, e.g., U.S. Patent No. 3,622,898). A 'Class
G' amplifier arrangement maintains a lower voltage across the output devices under
idle conditions whilst also reducing dynamic power dissipation by ensuring that the
voltage across the power devices is also reduced when driving signals to the load.
Thus both the idle and dynamic power dissipation is reduced. However, the
switching of the output devices between the power raiis often causes glitches in the
output waveform that appear as distortion. These giitches have sighificant high
frequency energy and so are difficult to correct by negative feedback. Careful design
can reduce this effect but cannot eliminate it and tends to increase high freguency
dynamic power dissipation.
F00123 An alternative way of reducing amplifier dissipation is to implement a
switching ampiifier, and specifically a so-called 'Class I’ architecture. With this

desigﬁ, the linear amplifier is replaced by power switches operating at typically
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switching amplifier, and specifically a so-called 'Class D' architecture. With this design, the linear
amplifier is replaced by power switches operating at typically several hundred kilohertz for a high
performance audio amplifier. The nominal efficiency of this design into a resistive load can theoretically
be very high vetitheughydmpractice switching losses and output filter losses signifiganihy:£eguce the
actual efficiency. The high switching frequency can cause significant EMI problems which then require
bulky inductors to prevent coupling to power supply and output lines, as well as careful screening to
avoid radiation. These additions mean that although the basic amplifier components can be small and
low cost, the overall size is significantly larger and more costly due to the need for the inductive and
filter comﬁ@ﬁ@i‘ﬁéh%%ﬁ@rﬁﬁ@?@ﬁﬁé‘t‘f@m% PemEnNg e aUeks BgigRfficahfl@im@ént due to the
dynamic switching losses and the pulse width modulation (PVVM) process used to generate the
switching SIGR&! eadks oL BBl dRR R FISEMB ISR o fY&HE tS BaiNeat %‘mﬂﬁwmsmn
example of a Class D amplifier is the model TDE8590TH amplifier available from NXP

S swg%ﬁw)gr{%%%gﬁﬁpé%% t ef\l@ﬁ?&’?aﬂ%@h‘f\ﬂﬁgw {RrUshBifigc%onfigured to

Semiconcf['}c?ors, acom
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watts outgil e iseserRmAalyalYabsE autpbieXels and sven liese IHISH AR AN

underestimate of the actual distortion due to the use of'an 0 remove effect of the

residual syisghing {refHenrYcAPRANARIR PABeJne AR AAHIDMERL ANf NtermAadiatign distortion

(IMD) performance is much worse than a well-designed linear amplifier. The output irnductors also

generally paidsi bevamag . dorepdeealthey slanat saliaieisinidyuce arthes disterintaand typically

measure 4 to 5 cubic centimeters, which is a barrier to overall circuit and package miniaturization.
[0014] Thesegenaait srareaskifetetore fas Apsmplifies innatogy that es berfeadinminiaturized while

providing low power dissipation. There further is a need for an amplifier that is capable of providing low
idle and dynetharpoweihedissipéiicr levigthingquivasna dipskettinigaodrmenintuctortifor EMI or
filtering. There further is a need for an amplifier that delivers very low distortion levels.
dynamic switching losses and the puise width modulation (PWM) process used to
generate the swiiching signal ieads to a pobr distortion performance compared to a
linear ampilifier.
f0013] An example of a Class D ampilifier is the model TDF8580TH ampiifier
available from NXP Semiconduotors, a company headquartered in the Netherlands.
When this amplifier is configured fo provide a nominal 100 Watt sine wave power fo
an 8Q load, the idle dissipation is in excess of 4 Watis/channel. The total harmonic
distortion (THD;} is above 0.1% at 10kHz at all levels above 10 Watls output and
rises dramatically at higher output levels—and even these figures are an
underestimate of the actual distortion due to the use of an AES17 filter {o remove the
effect of the residual switching frequency components on the measuring equipment.
The intermodulation distortion (IMD) performance is much worse than a well-
designed linear amplifier. The output inductors also generally must be large, in order

that they do not saturate or introduce further distortion, and typically measure 4 10 5

cubic centimeters, which is a barrier to overall circuit and package miniaturization.
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SUMMARY OF THE INVENTION [0014a]According to a first aspect of the present invention, there is
provided an amplifier, comprising: a first amplifier for receiving an input source signal; a second
amplifier downstream from the first amplifier' and a plurality of impedance networks providing (i)
feedback paths from outputs of said first amplifier and said second amplifier to an input of said first
amplifier, (i) a first coupling path from the output of said second amplifier to a load, and (Hi) a second
coupling palédfiéin thé eerputrodisaifiat traplitier to tHheafoalfioviertiyathef saichimpagdance networks
are comprised only of resistors, capacitors, or network combinations of resistors and capacitors, and
wherein at [@&¥glgHzegdvdziel mapcdures nengodsstatpridésa tafacion ngslbbpAcowrifiag to a
second aspect of the present invention, there is provided an amplifier, comprising: a first amplifier
receiving af RpBIEERGRI 6 BevighnelimeddmersLppirsdesarendisspsticonevaln prticirennbaeam from
the first amplifier, said second amplifier being operated in a low power dissipation mode; a
feed-forwardPHERVEIK COURTHG SR BUEN Bsiagrdharmpnriests hagsddosanewibmribatd network
comprisingg Egg%cdt?r Ond% reslsto[ connected in parallel; a resistor coupling said second amplifier to
the load; and a pTural orn 83{‘&?&338 ack paths from the respective outputs of said first and
second amplifiers to an input of said first amplifier. [0014c]According to a third aspect of the present
invention, there is provided a low dissipation amplifier, comprising: a driver amplifier for receiving an
input signal; an output amplifier; a first ?‘ﬂ’!\dﬂl!ng the output amplifier to a load; a
second impedance network 72 proviggggﬁ%\gﬁgﬂ?%ﬂg\%ﬁdlcmwe of an output of the driver
amplifier to an input of the driver amplifier' a third impedance network 73 coupling the output of the
driver amplifier to the load; and a fourth impedance network 74 providing a feedback signal indicative
of an outpuf@itéel outputeamiplifierdarthedpput of the Hevenamplifier, wherein fhethiedimpedance
network 73 comprises a capacitor and a first resistor connected in parallel; and wherein the first
impedance #reitizk comprisieg: & Sextondpidisisior r{@eldd] Acdardingto e fogrihl.aspectad the present
invention, there is provided a low dissipation amplifier, comprising: a driver amplifier coupled to an
input signale@wrldgisiavaiaistfiar fedrtigrmise sanddiercandrk 2urebiypiino tealautputsampksier to a load; a
second impedance network 72 providing a feedback signal indicative of an output of the driver
amplifier to RIRVisHE 6F iprdgacePaidbiime:. autrire rhpeiddivsarmnifisriens seidpirmgrtdeowlfier of the
driver amplifier to the load; and a fourth impedance network Z4 providing a feedback signal indicative
of an output®?HRRYLRS RichiH: P R e (gLt frerlindralinibamsihavbidrihateaishisssst the first,
second, third and fourth impedance networks sati 'fz%the relationship 21(5)22%);73(5)74 s); and
wherein all%?‘%f&ﬁﬁ?paeiﬁ’éﬁié“ Al oarl?g%%dc%?HBﬁ 886%%05‘? 1Reigtpyt ¢ 5l e BPRiork

§8mgi?§;?§§g§% TBREAIRAOA SFBREARI R SDSLNCS RS 2 205 SIS LI SARARE RS Works
capacitors, or network combinations of resistors and capacitors, and wherein at least
one of said impedance networks comprises a capacitor.
i0014b]  According to a second aspect of the present invention, there is provided an
amplifier, comprising: a first amplifier receiving an input signal to be amplified and
supplied to a load; a second amplifier downstream from the first ampiifier, said second
amplifier being operated in a low power dissipation mode; a feed-forward network
coupling an output of said first ampilifier to the load, said feed-forward network
comprising a capacitor and a resistor connecied in paraliel; a resistor coupiing said
second amplifier to the load; and a plurality of negative feedback paths from the

respective outputs of said first and second amplifiers to an input of said first amplifier.
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[0015]According to one or more embodiments, a power amplifier system and method is provided that
may include one or more of the following features: a distortion reducing topology; a Class AB driver
stage; a current protection mechanism; distortion reduction, especially when configured as a Class G
or Class H amplifier; and a nested distortion reduction architecture. [0016]According to one or more

embodim low power, low distortion amplifier comprises a first amplifier configured as or
including @%%rﬁ/%r sta§%?°£ﬁ'é’ geac?nﬁrllrc‘is gﬁ?&l |e°f ({:o% @%sr%n gy %?{i%[?aﬁ% ] %%Yﬁégﬁyt%&?%tage, with a

plurality of;i g%pg%gﬁ;ggg@%ﬁ%iing r%%fﬁ%g%ﬁg@gmgrfpg%ghé%%%@%ﬁ%%lgléﬁt a%mplifier and said

second amplitier to an input of sal rst coupli output of said second

amplifier Bbﬁsd@@ﬂq@me@a%@nﬁpmeﬂe%mmm&Qgpﬁmg%sm frstiamnlfierdo the load. The

impedance networks may be resistors, capacitors, or network combinations thereof. An additional
feedbacksathmppbepiayidaddromtbeiaadde thedapet afldhs firstameliie, Qnearinewe

intermediate amplifier stage(s) may also be disposed between the first amplifier and the second
amplifier.df@@l ZjAscridingriorpoednimarne emboagimentsiamethash foatsrifyingsasyinpug source
signal comprises the steps of receiving the input source signal at a first amplifier and generating a
driver sigita thérebyf iprodidiegaineldiaver $ighaddoahe miputtofiosetane: amtplifierZadcting as a main
output stage; operating the first amplifier in a Class AB or low power dissipation mode; operating the
second aRipVifigiar deethesiBsigiaskdisaiesel randiovt olvipoouspdissipationteribddnruicbroviding
selective coupling or feedback connections from the outputs of said first and second amplifiers to the
inputs of %dg)%@f g isconasipip ine iSighinerdaoae tetwrin teh T operarsrRcTRg ! fifnshd second

amplifiers in their respective modes. [0018]According to one or more embodiments as disclosed
herein a%f\'/ff’bfﬁﬁ?rmr connectad in parallel, and wherein the first impedance network comprises

a second resistor,

[0014d]  According to a fourth aspect of the present invention, there is provided a low
dissipation amplifier, comprising: a driver ampilifier coupled to an input signal; an output
amplifier; a first impedance network Z1 coupling the output amplifier to a load; a second
impedance network Z2 providing a feedback signal indicative of an output of the driver
amplifier to an input of the driver amplifier; a third impedance network Z2 coupling the
output of the driver amplifier to the load; and a fourth impedance network Z4 providing a
feedback signal indicative of an output of the output amplifier to the input of the driver
amplifier; wherein the values of the first, second, third and fourth impedance networks
satisfy the relationship Z1(s)yZ2(s)=Z3(s) Z4(s), and wherein all of said impedance
networks are com;ﬁrised only of resistors, capacitors, or network combinations of
resistors and capacitors, and wherein at least one of said impedance networks
comprises a capacitor.

[0015] According to one or more embodiments, a power ampilifier system and method
is provided that may include one or more of the following features: a distortion reducing
topology,; a Class AB driver stage; a current protection mechanism; distortion reduction,
especially when configured as a Class G or Class H amplifier; and a nested distortion
reduction architecture.
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low distortion amplifier includes a plurality of cascaded stages with a driver stage biased to operate in
Class AB mode, a main output stage operating in a low power dissipation mode, and a plurality of
impedance networks providing feedback paths or couplings between the outputs and inputs of the
cascaded stages or the load so that the amplifier provides low distortion and maintains a substantially

constant frqoesicy respana@uesite\WidadrangealifRmencies phivelovpawshismalifiandpay be
configured to have very low standing and dynamic power dissipation. [0019]According to certain

embodimentsruprisakativatatheifestamplfieranayiepedaie dublassiiyorétpssddoneded#20]Further
embodiments, alternatives and variations are also described herein or illustrated in the accompanying
figures. BRIEFDESERIPTIONIQRE: THE RRAVHMNG SVD02 biFGBly bisepgeaericreterratic diagram of
a conventional linear amplifier as known in the prior art.

providing feedback paths from outputs of said first amplifier and said second amplifier to an

input of said first amplifier, a first coupling path from the cutput of said second amplifier fo a

load, and a second coupling path from the output of said first ampilifier to the load. The

impedance networks may be resistors, capacitors, or network combinations thereof. An

additional feedback path may be provided from the load to the input of the first amplifier.

One or more intermediate amplifier stage(s) may also be disposed between the first

amplifier and the second amplifier.
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[0022]FIG. 2 is a schematic diagram of an amplifier showing, among other things, an arrangement of
impedance networks in accordance with one embodiment as disclosed herein. [0023]FIG. 3 is a
schematic diagram of another embodiment of an amplifier similar to that of FIG. 2, but having an
additional feedback loop. [0024]FIG. 4 is a graph showing an example of distortion performance that
can be achieved by an amplifier built according to the principles disclosed herein, under certain load
parameterd(fd045]F | Gcdnisiadlock diagrent ehamatinesram plifietrdesignasing/ae amplifier cascading
technique. [0026]FIG. 6 is a block diagram illustrating another example of an amplifier

source signal comprises the steps of receiving the input source signal at a first amplifier

and generating a driver signal thereby; providing the driver signal to the input of a

second amplifier acting as a main oufput stage; operating the first amplifier in a Class AB

or low power dissipation mode; operating the second amplifier in a Class B, Class G,

Class H and/or low power dissipation mode; and providing selective coupling or

feedback connections from the outputs of said first and second amplifiers o the inputs of

said first and second amplifiers and o a load o maintain operation of said first and

second amplifiers in their respective modes,

(00181 According to one or more embodiments as disclosed herein, a low power,

low distortion ampilifier includes a plurality of cascaded stages with a driver stage biased

to operate in Class AB mode, a main output stage operating in a low power dissipation

mode, and a plurality of impedance networks providing feedback paths or couplings

between the outputs and inputs of the cascaded stages or the load so that the amplifier

provides low distortion and maintains a substantially constant frequency response over a

wide range of frequencies. The low power amplifier may be configured to have very low

standing and dynamic power dissipation.

(0019} According to certain embodiments or variations, the first amplifier may

operate in Class G or Class H mode.

10G20] Further embodiments, alternatives and variations are also described

herein or iliustrated in the accompanying figures.



design in accordance with various embodiments as disclosed herein. [0027]FIG. 7a is a schematic
diagram of a current limiting circuit as known in the prior art, while 7b is a schematic diagram of an
alternative current limiting circuit as may be used in connection with various embodiments as disclosed
herein. [0028}FkiG8¢Bamad 8b are diagrams comparing the frequency respomgesahdiffesent amplifier
designs. DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS [0029]According to one or
more embodiments, a low power amplifier is provided having at least a first amplifier configured as or
including a driver stage and

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1is a generic schematic diagram of a conventional linear amplifier
as known in the prior art.

(6622} FIG. 2 is a schematic diagram of an amplifier showing, among other
things, an arrangement of impedance networks in accordance with one embodiment
as disclosed herein,

[0023] FiG. 3 is a schematic diagram of another embodiment of an amplifier
similar to that of FIG. 2, but having an additional feedback loop.

[0024] FIG. 4 is a graph showing an example of distortion performance that can
be achieved by an amplifier built according to the principies disclosed herein, under
certain load parameters.

[0025] FIG. 5 is a block diagram of another amplifier design using an amplifier
cascading technigue.

[0028] FI1G. 6 is a block diagram illustrating another example of an amplifier
design in accordance with various embodiments as disclosed herein.

[0027] FIG. 7a is a schematic diagram of a current limiting circuit as known in
the prior art, while 7b is a schematic diagram of an alternative current limiting circuit
as may be used in connection with various embodiments as disclosed herein.
{0028] FIGS. 8a and 8b are diagrams comparing the frequency responses of

different amplifier designs.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0029] According to one or more embodiments, a low power amplifier is

provided having at least a first amplifier configured as or including a driver stage and
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a second amplifier configured as or including a main output stage, biased into operating modes in
which they draw very little idle power, yet also consume very little dynamic power when active. A
plurality of impedance networks provide, among other things, feedback paths from the outputs of the
first amplifier anmdzthexseesnd amplifier to the first amplifier, enabling in partghe,abilitypkibe low
amplifier to combat distortion. The impedance networks may also provide a coupling path from the
output of the second amplifier including the main output stage to the load, and another coupling path
from the output of the first amplifier including the driver stage amplifier to the load. The impedance
networks are preferably resistors, capacitors, or network combinations thereof. [0030]An additional
feedback PatRCATH HINY R SREVIBEEER G W uditg thBalipovbiinetdust Ainplifleriahe additional
feedback Bath may include a low pass filter and more specifically a T-network of two resistors and a
capacitor, %%’}% rﬁ*@fﬁeﬁdﬁéﬂ‘ﬁ&ﬁ heviregerRy itdp dredenple wrhpifl FARIOW R EgDE RS, An

intermedi%}e amPIifier sta g ma also he added between the driver stage amplifier and the main output
stage to provide gc?éﬁwgﬁﬁ veé}s%%m?‘ancp E?ﬁ YiGh TRRRRADHS oo TR iR¥h §%8E8nd amplifiers

are both p per inlo er dissipatio es, although in some embodiments where
power Qiséggégﬁlﬁfg%f?gé%%rﬁ%c%\,Igg%%{v%rpéh%(g%%ﬁ%jgé%ﬁﬁ?{c@mg&%rp@gtgﬁiﬁ%‘?ﬁ&her power
dissipation, e RFer 0. &gl she desian. frhereduse dstonian it necessary), or for
other reasons. As used herein a low power dlgSIp tion mode or low %lssma 6N mode generally

includes thespaPeEatngMOres iavdish stapdingar idle %@ﬁ@@@%@&&@ﬁ;@@&w%@d thus

would generally include Class B, G and H modes, and potenti Class AS In certain

configuratiansuiN@RMOLAIMORETIHLS 2030/0254251003 214 Lﬁr}ﬁa%’éﬁwl%%- ey fiLgi.pamplifier
including the driver amplifier stage may be operated in a Class AB mode, while the second amplifier
including thetnaicouing sagehmaytbe epgtated: it diClass Mmndionlaingsite ribmagdgs Thus, the
overall power draw of the amplifier may be kept very low. The second amplifier may alternatively be
operated #QPliss ARadokdat The expedsadef iktreatedigoprefstissipatsstom)ichpaaiewer distortion
even further. As another example, both the first and second amplifiers can be operated in Class G
mode, or BofiEbpEkatemriralissHhersdé, or one in Class G mode and the other in Class H mode. The
novel amplifier designs disclosed and taught herein therefore provide a great deal of flexibility and
versatility[fP#tns ofspardifin i deedbaderathanabelsabe esiyidesiigur ttiofoathte dmplifier design

can be tailored for specific purposes including extremely low power dissipation, very low distortion,

compact g@m&gﬁé@%{gﬁtcﬁr@g grna‘ﬁlag@ﬁqg}@gg} feedback path may include a low pass filter

and more specifically a T-network of two resistors and a capacitor, and may help

ﬁattén out the frequency response of the amplifier at low freguencies. An
intermediate amplifier stage may also be added beiween the driver stage amplifier
and the main output stage to provide additional versatility and distortion reduction.
[0031] The first and second amplifiers are both preferably operated in low power
dissipation modes, although in some embodiments where power dissipation is not as
critical, one or both of the ampilifiers can be operated in a higher power dissipation
rmode in order fo, e.g., simplify the design, further reduce distortion (if necessary), or
for other reasons. As used herein a low power dissipation mode or low dissipation
mode generally includes those operating modes in which standing or idle current
dissipation is kept low, and thus wouid generally include Class B, G and H modes,

and potentially Class AB mode in certain configurations.
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[0033]Figure 1 is a generic schematic diagram of an example of a conventional linear amplifier 100 as
known in the prior art. As shown in Figure 1, the linear amplifier 100 includes an input stage 110, a
driver stage 120, and an output stage 150 that may include, for example, a pair of transistors 131 and
132 (also labeledas®@tmnd 02 in Figure 1) coupled to positive and negativevgeltagr/fails4 30, 135
(also labeled as +V and -V in Figure 1). The input stage 110, driver stage 120, and output stage 150
are connected in a serial arrangement. The input stage 110 receives an input signal 106 from an input
signal source 105. The output stage transistors 01, 02 are normally biased by a voltage source 128
(also labeled VD) into either Class B or Class AB operation. While shown in Figure 1 as single
transistoréd Héboutp it SR HENYNE 1S D T8 ha 0BG 54 8iNe darcdnye URTapLTe tH5aESof circuit such

as single tran%istors, compour;léiIi tran{ﬁ%gtor rra\%%ﬁ%%nts or FETs. The output stage 150 provides an

amplified SEHAESERE A0S L1858 245R S 884G FERIES IRIGHS 1 [B884]Als0 in
Fi 1, af back itor 124 (also | led 72.in Ei ) li feed k dth
e st B D Lo A e e B To e g
f K by trod e 0 A fon
I e e B R e e T o

112 (also Jabeladas R4 ApdBein ks Wpmyide gvrrall.pegative: ireAback argynd the complete

amplifier. [0035]As mentioned earlier, an amplifier of this generic type generally sutfers
dissipation, which may lower distoriion even further. As anocther example, both the

first and second amplifiers can be operated in Class G mode, or both operated in
Class H mode, or one in Class G mode and the other in Class H mode. The novel
amplifier designs disclosed and taught herein therefore provide a great deal of
flexibility and versatility in terms of operating mode selection and overall design
configuration. The amplifier design can be taiicred for specific purposes including
extremely low power dissipation, very low distortion, compact structure, etc., or
combinations thereof.

160331 Figure 1 is a generic schematic diagram of an exampie of a conventional
linear amplifier 100 as known in the prior art. As shown in Figure 1, the linear
amplifier 100 includes an input stage 110, a driver stage 120, and an output stage
150 that may inciude, for example, a pair of transistors 131 and 132 (also labeled a3
(1 and Q2 in Figure 1) coupled to posifive and negative voltage rails 130, 135 (aiso
labeled as +V and -V in Figure 1). The input stage 110, driver stage 120, and output
stage 150 are connected in a serial arrangement. The input stage 110 receives an
input signhal 106 from an input signal source 105. The output stage transistors Q1,
Q2 are normally biased by a voltage scurce 128 (also labeled Vb) info either Class B
or Class AB operation. While shown in Figure 1 as single transistors, the oufput

stage transistors Q1 and G2 may be embodied as different types of circuit such as
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from poor idle and dynamic dissipation performance when biased into Class AB operation, and poor
distortion performance when biased into Class B operation. Dissipation can be reduced by operating in
Class G mode, but then more distortion mechanisms are introduced which are difficult to address by
means of cornvertionalsaegative feedback. [0036]According to one or moreembdimentsdisclosed
herein, and as explained for example in connection with Figure 2, distortion is significantly reduced
over the conventional linear amplifier of Figure 1 by providing a signal path from the gain/driver stage
X1 to the output by means of an impedance network 73 whilst also introducing another impedance
network 71. Figure 2 is a schematic diagram of a novel amplifier design in accordance with one
embodimeitais disrigershersnpolndtiainstonsemingsrangementoiaimpedandeuielageks and other
amplifier circuitry by way of one example. In Figure 2, an amplifier 200 includes, among other things,

a gain/drivetsge3aD A REIAHBR A HBUK SigD Eigdib o Pdrah i Sutisurreradersastist may include, for
example, a pair of transistors 231 and 232 (also labeled as Q1 and 02 in Figure 2) coupled, similar to
Figure 1, t5P8fNEdRd IGatVe voltage rails +V and N (not shown in Figure 2). The gain/driver stage

210 receiyv input signal 206 from an input signal sour . While shown in Figure 2 as single
transistorsﬁ%g@/ith F@%gé'ﬁ é%@lqotﬁaé%%%ﬁ%% rgﬁgﬁ%??ﬁi%%%@vi%g%%@ge%g%é%gf%’%utput stage
transistors,01 and 02 may be embodied as different types,af.circuyit such as single.transistors,
compouni1 r%%éilléﬁt%f% éjraf?a}r/%aegf%%%gsa or g s‘?% [gaéu%gte s%ggéN %g[p?r%?}iﬁ'gg a?ftlgg?ﬁ ﬁ%%d output signal

240to a ; [ in.Fi 7 -gain/st
210, whi (oL LEALy SEu S L A har N s SR O e B Bl

amplifier siagesormayde inslylegaieanr akadarastang iiepBiadks anise dhe oyipu! stage 250,

while shown as primarily consisting of transistors 01 and 02, may be included as part of a larger

amplifier GlagkampiehomBmeaenialn 9reRsdDRIR&RURSsaRd WawtiBlsa hesuiderstepdda include bias
components, protection elements, and other conventional features that are not shown in detail in

Figure 2 farithgagake:ieé sty ahbiosg iskitlgdrin theratidy baprresiedetbatidaerssake many different
ways to implement the gain/driver stage 210 and output stage 250 of amplifier 200. [0038]As noted
above, andropeddneenepiak #8plifaEso labeled as Z3 in Figure

[0G35] As mentioned earlier, an ampilifier of this generic type generally suffers

from poor idie and dynamic dissipation performance when biased into Class AB

operation, and poor distortion perférmance when biased into Class B operation.

Dissipation can be reduced by operating in Class G mode, but then more distertion

mechanisms are introduced which are difficult fo address by means of conventional

negative feedback.

focasl According to one or more embodiments disclosed herein, and as

explained for exampie in connection with Figure 2, distortion is significantly reduced

over the conventional linear amplifier of Figure 1 by providing a signal path from the

gain/driver stage X1 to the output by means of an impedance network 23 whilst aiso

introducing another impedance network Z1. Figure 2 is a schematic diagram of a

novel amplifier design in accordance with one embodiment as disclosed herein,

illustrating a useful arrangement of impedance networks and other amplifier circuitry

by way of one example. In Figure 2, an amplifier 200 includes, among other things,
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2) is provided between the output of the gain/driver stage 210 and the load 245. Another impedance
network 280 (also labeled as Z1 in Figure 2) is provided between the output stage 250 and the load
240. Another impedance network 270 (also labeled as Z2 in Figure 2) is provided from the output of
the gain/driveysteges®2i®to one of the differential inputs of the gain/driverrstage21002A4f5urth
impedance network 260 (also labeled as 74 in Figure 2) is provided from the output stage 250 to the
same differential input of the gain/driver stage 210. Impedance networks 260 and 270 are coupled to
ground (or some other reference potential) by another impedance network 212 (also labeled as Zg in
Figure 2). [0039]In the example of Figure 2, impedance network 290 is embodied as a capacitor 291
and resist8rEFYEHI L in 10lRe ahaiRd g8 08 e EH 280 1 ¢ b sdfeY g aprediidiais .

Impedance network 270 is also embodied as a resistor 271. Impedance network 260 is embodied as a

resistor 269 NI LRI EIETESh et SSFEE OB 340 GROGsIAG e TGt e i dance

t k 12,73, 7 h that the tisfy th lati ip 71(s).12(s) 73 4(s), istorti
the amoif7 405 B SR ) DL ATl A e AP Gt PSR ANr Ut the ype.
Hown in B _ o hi ; . bodiod
e resistor A R e B B B SR e & B R e 3

preferably.ayhadied 352 paalial comuination b IesiHEN AR SRRAS LA IRReanssnetwork 74 is

preferably embodied as 2 series combination of resistor and capacitor, although other equivalent

impedancgngiwarks may e usestnEhedimscaosiant afhedmpedansenainerk 43 pigierably

matches that of impedance network 74. At low frequencies, below the frequency at which the

impedancetgfd &heseme capasilive? mpeeansamneivekLimpeeatsesistivesin akreand
impedance network 74 appears to be capacitive. The presence of impedance network 73 softens the

crossover dnge obihdstipuistagerndblng vttt araiibercaney StageTo [vad output s@aeection through
impedance network 73.
250 provides an amplified output signai 240 to a load 245 (represented as an
impedance in Figure 2).
00371 More generally, the gain/stage 210, while conceptually shown as a single
amplifier in Figure 2, may be constructed from multiple ampilifier stages or may be
included as part of a larger amplifier block. Likewise, the output stage 250, while
shown as primarily consisting of transistors Q1 and Q2, may be'inc}uded as part of a
larger amplifier block which may contain one or more stages, and would aiso be
understood fo include bias components, protection elements, and other conventional
features that are not shown in detail in Figure 2 for the sake of simplicity. Those
skilled in the art will appreciate that there are many different ways to implement the
gain/driver stage 210 and output stage 250 of amplifier 200.
[0038] As noted above, an impedance network 290 (also labeled as Z3 in Figure
2) is provided between the output of the gain/driver stage 210 and the load 245.
Another impedance network 280 (also labeled as 21 in Figure 2) is provided

between the output stage 250 and the load 240. Anocther impedance network 270

(also labeled as Z2 in Figure 2) is provided from the output of the gain/driver stage

w2 .



[0041]In order to gain maximum distortion reduction, impedance network Z4 is preferably capacitive in
nature so that the ratio of impedances of Z2:74 equals 13:Z1. However, this means that the open loop
gain of the feedback loop around the output stage 250 no longer falls off with frequency. Incorporating
a series resistorxMithivy 24 reinstates the fall in gain with frequency above & BredkpoiiEat which 74
stops appearing capacitive and becomes resistive in nature. The resistor 262 in impedance network 74
is chosen to set a unity loop gain frequency that ensures stability. [0042]To retain full distortion
reduction, impedance network 73 should be made to appear capacitive in nature at high frequencies;
hence the matching of the time constants of impedance networks Z3 and 74. There is generally a free
choice of &t snstahtisrdite coipdneHis o ifperiaicy RefifsikS 73 andPriHERETEF Sthe larger the

time constant, the larger the capacitor_has tg be in_impedance nﬁtwork Z3, and the %:%ﬁ%g?r the current

that will bBZIVRIA 4R5HAISE GhRIBAGS Stdfd BB SO PERTH FEGIB RUE  BER ML & size of the
lifier 200, the tiry tant for imped tworks 73.and 74 should be kept law. J0043]Th
Dot ST RS R R I T VR SR o TR By 5 SRS R i the
imped ks. For | itic inductance in series.with, resi be balanced
by S e e e S B B e o e of Figure

2, all of thﬁﬁgﬁﬁ%ﬁﬁ%ﬁ@&&@ﬁ%k& ﬂgiggpebglrealized as resistors, capacitors or

combinations't uding parasitic elements). ThiS design approach can lead to a very compact

amplifier pagkage. The e, Jesiptoss indhis soptexinshidesaryresistiveplement faat displays a

substantially constant impedance relationship over the applicable operating frequency range, and will
typically, byt nefidiesessaiilyeivelve s convrriional disenete resisionsempanenk £8044]By itself, the

choice and arrangement of impedance networks in Figure 2
embodied as a resistor 281, Impedance network 270 is also embodied as a resistor
271. Impedance network 260 is embodied as a resistor 262 and capacitor 261
connected in series.
(00407 Choosing the values of the impedance networks Z1, 22, 23, Z4 such that
they satisfy the relationship Z1(s)*Z2(s) = Z3(s)*Z4(s), the distortion on the amplifier
200 can be significantly reduced compared to a standard feedback ampilifier of the
type shown in Figure 1. As noted aﬁove, in this example impedance network Z1 is
nreferably embodied as a resistor, impedance network Z2 is preferably embodied as
a capacitor, impedance network Z3 is preferably embodied as a parallel combination
of resistor and capacitor, and impedance network Z4 is preferably embodied as a
series combination of resistor and capacitor, although other equivalent impedance
networks may be used. The time constant of the impedance network Z3 preferably
matches that of impedance network Z4. At low freguencies, below the frequency at
which the impedance of Z3 become capacitive, impedance network Z3 appears

resistive in nature and impedance network Z4 appears to be capacitive. The

presence of impedance network Z3 softens the crossover knee of the output stage
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works adequately but can be improved. For example, the incorporation of the series capacitor 262
within impedance network 74 means that below the break frequency formed by its series resistor/
capacitor combination of elements 261 and 262, the closed loop gain of the complete amplifier 200
increases at é@BR/@otesssas frequency decreases. Additionally, the open logprgaimarowgstransistors
01, 02 due to the arrangement of impedance networks Z2 and 74 and gain/driver stage 210 becomes
constant at low frequencies rather than rising at 6dB/octave with decreasing frequency as with a
conventional feedback amplifier. Thus, the distortion reduction around transistors 01 and 02 by means
of negative feedback will be lowered as compared to a conventional amplifier with this choice of
impedancéteioiksedditof Y aistitgo i duitaoipwinetnediechtsosgibnirdenstthe incorporation
of impedance network 73 into the amplifier 20, but there is still room for improvement, as will be
explained TR B Hetail below. Also, the output resistance of the amplifier 200 is approximately equal
to the parallel combi;ation of the impedance networks Z1 and 73. In the case where the first

impedanc&’R&tdork 79 EHhiRERIG TEXTEERMOFIRPEURRH TESTs RS e M IReE 3D at low
frequencies | erally higher. than would be the case for a purely conyentignal feedback amplifier
such as illﬁ'é%%%@%cﬁ%&ﬁg\’f EW@%&%%S%HW@%E% %\%%%%% I%%W!?B illustrates how
further improvwem . istartion performance closed loop response jn the
foundatior%#gqmpﬁ%%r’%;igﬁ'g] %{Eﬁ(r%egé%ﬁ iS e i?%f Ren ?}gge%Q %%%Rgr? raryug(gffﬁz‘gpond to

the simila Sis e ABeled A0k iGN £l i A0 arplles 400 Seseites,anjpput sional 300

from an input signal source 305. Similar to t gure 2,"the amplifier 300 of Figure 3

includes a,gaj/ duiviessiages3He. AN AUBH AR SRR FAMRHISIAG LR PRISOsSiABA: 33324 (also labeled
as 01 and 02), and impedance networks 360, 370, 380 and 390 (also respectively labeled as 74, 72,

Z1 and Z3indigealing BeBMem 35268 pRpsisiag tesisiarS3aduse3 fdsodakeledas RS, R6 in Figure

3) and a capacitor 354 (also labeled as C7 in Figure 3) has been added to the amplifier 300 to form an

additionalifepeitacicloepuiditeteerdbackds taken framihedingeouipidaddpiiheavplifier 300 rather
than the output stage 350 directly although it is then fed into the same feedback input terminal of

gain/driveststaitiy 310 as the existing feedback loop that is based upon impedance networks Z2 and
Z4. Notwithstanding this, this connection of the extra feedback loop does not upset the conditions
required f&#MEkimunalisiaitidnldiietiom [eduejsSimipipadaing arbditmek E3istivelddezibaiepath to the
amplifier arrangement of Figure 2 would generally result in a non-flat frequency response because
extra feedSBRABIRAGIEIERE Broafder biobdterssipstehroteihara2ichinghietemiad loop gain is
not large enough to ensure that the final closed loop response of the amplifier is independent of the

value of tHé&'id 51dI5e843666 gaiaurevar e&IR P HEY B dtsaeRPerfbrk 356 to have

a low pass filter response with a cut-off frequency that matches the breakpoint frequency of

impedancinﬁ%fWBﬁI%'Eigoémeﬁpmﬂﬁﬁ'{sa%é'ﬁﬁ i @%tﬁ“{?fh%rg%%n all"8WpYifer3®0 can be

designed fg hav%af.lat response T}hqs the %éngdlow{re uengy response fthe a Iif'l(ekgystem of
a :

Figure 2 i PEHectly Lompaitsatsd By e desig Aatitiona st Figird g npedance neavor

and the greater the current that will be drawn from the gain/driver stage 210 (i.e., X1)
at high frequencies. To minimize size of the amplifier 200, the time constant for
impedance networks Z3 and Z4 should be kept low.,

[0043] The balancing of the impedance networks will work even in the presence
of parasitic elements in the impedance networks. For instance, a parasitic
inductance in series with resistor 281 can be balanced by placing a suitable value
resistor in series with capacitor 291. As reflected by the example of Figure 2, all of
the components of impedance networks Z1 — Z4 can be realized as resistors,

capacitors or combinations thereof {(excluding parasitic elements). This design

-



[0047]The extra feedback loop of Figure 3 provided by the addition of feedback network 356 also
additionally reduces distortion at low frequencies, compensating for the compromised low frequency
distortion performance of the Figure 2 amplifier implementation. Furthermore, this extra feedback loop
also reduceswhiezoutpessampedance of the amplifier at low frequencies sinaethnesteestaceksis taken from
directly across the load 345 and hence impedance network 71 is within this feedback loop.
[0048]Having the extra overall frequency dependent feedback loop to lower the output impedance of
the amplifier 300 allows the bridge impedance network 71 to have a higher impedance than would
otherwise be possible, within the constraints of power losses within the resistor 381 of the impedance
network ZAPRRRRCTH@ hipRd EhEe BREfEIRBRCY 8TERATBE RAFIRIR: indle A28 ttPfbtier tRealue of the
parallel cac,pacitan‘ce and with it the high frequency current that must be sourced from the gain/driver

stage 310°F0620] PAL IR SCHTIKES Frea PG C PSR IR e CrRsEIAnce networks 71-74
that balanci t high f b tely attained, si it d

rosstors OFWE UL FULE TR Al UGEIGR B EIEFE & CATE BES B SUELG with close

manufact npnfg aﬁ?le{)%@ce?. The valt P?e thalt %papcezsrs across t&e ca aC|toEr g?l within |mipedance

network 73'is un’e smaf (ilte”lge(%ﬁ yn é”é\é?n\'}error Bg%nlr'lotrtliaeg ou %’IJE}t %tggzgsesp LSThe %E}Egau‘ct of the output

current tigg he imnsgang 91 Lhand s ankase s M e R yoKage Fegicoments of the

I
capacitor 391, is also commensurately small, allowing for miniaturization e amplifier 300. Multiple

amplifiers ysing shelesian showm iBFiaurs a2 heiaceincloRe Rimly, Withtle jnteraction

between the impedance networks, because the lack of balancing inductors means that there is less

possibility ghaaginets caunling.pawRiedheampliersnidealihe ureahsradditienakimpedance

networks 71, 73 and 74 and the
formed by its series resistor/ capacitor combination of elements 261 and 262, the
closed loop gain of the complete amplifier 200 increases at 6dB/octave as frequency
decreases. Additionally, the open iobp gain around transistors Q1, Q2 due to the
arrangement of impedance networks 22 and 24 and géinldriver stage 210 becomes
constant at low frequencies rather than rising at 6dB/octave with decreasing
frequency as with a conventional feedback amplifier. Thus, the distoriion reduction
around transistors Q1 and Q2 by means of negative feedback will be lowered as
compared to a conventional amplifier with this choice of impedance networks.
Additional distortion reduction will still be achieved by virtue of the incorporation of
impedance network Z3 into the amplifier 20, but there is still room for improvement,
as will be explained in more detail below. Also, the output resistance of the amplifier
200 is approximately equal to the parallel combination of the impedance networks Z1
and Z3. In the case where the first impedance network 21 is embodied as a resisior,
the output resistance of the amplifier 200 at low frequencies is generally higher than

would be the case for a purely conventional feedback amplifier such as illustrated in

Figure 1.
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extra feedback loop provided by the addition of feedback network 356 allows the high frequency
distortion of the amplifier 300 to be significantly lower than a conventional feedback amplifier and so
the output stage 350 could potentially be operated, for example, in Class B mode whilst still avoiding
crossover distortimme/ddoag; idle power dissipation that normally occurs dueggitheauigsseit current
required to bias a conventional amplifier output stage into Class AB mode is eliminated by the design
of Figure 3. This might be of limited use if the gain/driver stage 310 of amplifier 300 were required to
have a high idle current drain. However, the gain/driver stage 310 in this example operates at much
lower power than the main output stage 350 based around transistors 01 and 02, and so the
gain/drivet@84§é 3107daiHBe diifitrirs withfarbrISs B sUTRIt s Laje [B50hawitmdisiesictast output
devices (transistors 01 and 02) and so still operate with low distortion compared to the main output
stage 350 PPHOEHABGSUIPAIBFER BRPgarTanve istagdosroelpnalsy mdilerjesioodb ey

incorporating a low power Class AB output stage internally within the gain/driver stage 310, the

distortion ivtrdUGEEH ntoRIFEERET SRS oY hEsE RIe e BperanerioRs aiRldREestage 310 can be
Figure 5 CHURIY GG BT 200 WIS AETETE: SO FREES 36 BFH: RSBE B aincriver
s e lon B AR S ect Kl 1 MEA MRl 2 AEBRER 1R Sutput stage 350,
Clnss i o T 0 S BB  Corion

componenisHirasicad e Class Girall sydiching dransitiens Q1 (dass B rackingsgheme will be

reduced by using the amplifier feedback configurations of some of the embodiments disclosed herein
so that a veremsdiEorton, vewy 4oy e pawerdissipatiaop dpwslynaric power disgipatign amplifier
can be realized. One example of a tracking power supply that can be used in conjunction with the
amplifier degigieslisdoseslbesibaeqinidmadeiicoal BoweIsaMNgs pHeRsCHDEGIRe0Pending U.S.
Patent Application Ser. No. 12/253,047 filed on October 16, 2008, assigned to the assignee of the
present inFentiers)aardi kecapydiicoffer dtecbiyrefedance amif spirtoahHad\hbereinideladse of a Class
G or H architecture for the first amplifier containing the gain/input stage may have the potential to
introduce AGwifiealtitifmomansydtdgmnatimttbeakdiomed Thekeednach exdtakatiermigestaken account
of. [0053]Where a Class G or H architecture is applied to both the first and second amplifiers, different
power rail§igy tifePéft Vdhagemelbs) I8y HegirbAndeaetrtistpampifiatimstithe second amplifier

to, e.g., heIP isolation, reduce non-linearities, and minimize Eower dissipation.
aithough it is then fed into the same feedback input terminal of gain/driver stage 210

as the existing feedback loop that is based upon impedance networks Z2 and 74.
Notwithstanding this, this connection of the extra feedback loop does not upset the
conditions required for maximum distortion reduction.

[0046] Simply adding another resistive feedback path to the amplifier
arrangement of Figure 2 would generally result in a non-flat frequency response
because exira feedback loop is placed around the closed loop system of Figure 2,
and the closed loop gain is not large enough 1o ensure that the final closed loop
response of the amplifier is independent of the value of the Figure 2 closed loop
gain. However, by designing the extra feedback network 358 to have a low pass
filter response with a cut-off frequency that matches the breakpoint frequency of

impedance networks Z3 and Z4 and with an appropriate gain, then the overall
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[0054]Figure 4 shows an example of the distortion performance that can be achieved by an amplifier
built according to the principles outlined above, when capable of driving a 56 Volt peak signal into a
16 ohm load using an amplifier design constructed according to Figure 3. As shown in Figure 4, the
total harmoniwdistestiereis quite low at relatively low frequencies (generallg¢angingdiogabout 0.0003
to 0.0010 percent distortion level at 1 kHz), and remains low even at higher frequencies (generally
ranging from about 0.0020 to 0.0050 percent distortion level at 10 kHz). [0055]Figures 8a and 8b are
idealized frequency response graphs showing the effect of the additional feedback loop 356 in the
embodiment of Figure 3. Figure 8a shows that at relatively low frequencies, the overall amplifier gain
drops off, #meplifiattehe cum Seaishisineddiohauad: tesatsrtops ol dbairisvithimefeagingdrequency.
By using the additional feedback loop of Figure 3, this frequency response can be altered as shown in
Figure 8b/HROIGH REGHEP FBRpOYEET: Pdriaetsy ténmseirsateaapynpesairdr fedapderiop, resulting
in a flat frequency response out to relatively high frequencies. The outer frequency loop can also be
used for agftima BEE&%’%‘@‘S?such as to extend the operating range of the amplifier through the

introducti n additional zero and pole at high frequencies. [0056]Further modifications or

enhancerﬁ%%éﬂan a(lt eb%‘ﬁ?a%@%@?% g%ﬁ#g?%%%;fé?ﬁY@?&i@é{c%e%‘TMQ %FQ?Q%IQ

although thetuqlis og%@qf the ﬁ&k}ass ﬁ\Brg in/driver sﬁ;g ea?}J]O can be made to be low compared to that
; a

of the out;%%t sPa[ge Towil s |ﬁngae era 3Céeosrr{%i(’es tr%5| LaF diloriBHTT o BheTeoma it F% Class AB

et a3 BAaR0J Bl ARG 8 SRE AIAILIRANGN SR AR RS 21oure

output stage 250 as previou In connection with Figure his "cascaded" approach

is illustratgd inshe-AgaRifIeE JesimSROWAd R xira feedback loop also reduces the output
impedance of the amplifier at low frequencies since the feedback is taken from
directly across the load 345 and hence impedance network Z1 is within this feedback
loop.
[0048] Having the exira overall frequency dependent feedback loop to lower the
output impedance of the ampiifier 300 aliows the bridge impedance network Z1 to
have a higher impedance than would otherwise be possible, within the constrainis of
power losses within the resistor 381 of the impedance network Z1; thu‘s, the
impedance of element Z3 can be similarly increased fo lower the value of the parallel
capacitance and with it the high frequency current that must be sourced from the
gain/driver stage 310
[0049] The available choices of capacitor and resistor values for impedance
networks Z1-Z4 means that balancing at high frequency ranges can be more
accurately attained, since capacitors and resistors of the values used for the
amplifier design of Figure 3 can be readily obtained with close manufacturing
tolerances. The voltage that appears across the capacitor 391 within impedance
network Z3 is quite small (it is only the gain/error loss in the oufput stage plus the

product of the cutput current times the impedance of Z1) and so its package size,
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Figure 5. Elements in Figure 5 labeled "5xx" generally correspond to the similar elements labeled
"3xx" in Figure 3. In Figure 5, an amplifier 500 receives an input signal 506 from an input signal source
505. Similar to the design of Figure 3, the amplifier 500 includes a gain/driver stage 510, an output
stage 550 comprisingdgagsistors 531 and 532 (also labeled as 01 and 02)pard;innedance networks
560, 570, 580 and 590 (also respectively labeled as 74, 72, Z1 and 73 in Figure 5). An additional
feedback network 556 comprising resistors 552, 553 (also labeled as R5, R6 in Figure 5) and a
capacitor 554 (also labeled as C7 in Figure 5) is included in the amplifier 500, having the same general
purpose as in Figure 3, with feedback being taken from the final output 540 of the amplifier 500 and
fed into th@feedibadiirpsiieesmigaieieiiy diver serreB503Rss adsedimFigusaBishan intermediate
stage 542, which in one aspect may act as a second or supplemental driver stage, comprising
transistor§528 Agvsa4 (aidsinipeldeaisnsidha aapiier volthgh biikeemptifiristysus dnd 547. The
transistors 543 and 544 and coupled to the positive voltage rail +V and negative voltage rail -V
respectivél§SIINBRAEY S bIFEER #t8 'Crasdaas b feriRrfyiiodeiby wikdidbnipereniese and 547
[0058]The output of the intermediate stage 542 is coupled to the input of the output stage 550 via a
resistor 5%8@%&5’” e'l‘@&%%aﬁ’i?iH@f&ﬂr‘%@?ﬁ%ﬂé&&ﬁ%@'&@éi@ﬁfﬁ%&%%@l@@%%i) is

ted f the.] t of th t { 50 to thei t of intermediate st 542. Th
foadback LR T/ar JRpeAan e Nl SBB 5 I ALL e SAVFIBSEfor 528 fo purposes of
int di 5 it is,sti ' irectly ta the, i t aof th t St 550. A
mdatonal Besbor S16 ee A e P & ST AP BF R incriver
stage S10{arin epdRrasdiRyb RN thersakdhecdaedanatyrde f ashimpsdaee network 570
ead of t he gain/driver

(72) is taken from the output of the intermediate stage 542 inst e output of t

stage 510;he:agdiiegalielements: 529 R fAnch5R8d 4L L gRIRaM G INREBATL Of an inner feedback

loop, while impedance network 570 (72) shares its operation between the inner and outer feedback

loops. [00&HReihdhe! estalskbies siagr baRnas thednisinadiniesstngs d o Havida,same aspect of

feed-forward operation, in that both provide current to the load when the main output stage 550 is
relatively ifleratad, heneesbatiemaykasviBweshashakingin sibignty setigsbie sarme@earee. Both stages

may also supply gain. In this respect, the designation of particular stages as "gain" or "driver" stages is

not intendBulitn iskelipoitieg dissipation that normally occurs due fo the quiescent current
required to bias a conventional amplifier output stage into Class AB mode is
eliminated by the design of Figure 3. This might be of limited use if the gain/driver
stage 310 of amplifier 300 were required to.have a high idie current drain. However,
the gain/driver stage 310 in this example operates at much lower power than the
main output stage 350 based around fransistors Q1 and QZ2, and so the gain/driver
stage 310 can be configured with a Class AB output stage 350 having linear, fast
output devices (transistors Q1 and Q2) and so still operate with low distortion
compared fo the main output stage 350. Thus the dissipation in the gain/driver stage
310 can also be very low.
100517 By incorporafing a low power Class AB output stage internally within the
gain/driver stage 310, the distortion introduced into the error signal by the Class AB

operation of the gain/driver stage 310 can be made exceedingly small. Typically, for

an audio power amplifier according to the design shown in Figure 3 capable of
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[0060]In the example shown in Figure 5, the inner loop components 529, 548 and 528 (ZIi, 72i and 73i)
have been chosen, along with impedance network 570 (72), such that the inner loop realizes the
distortion reduction condition described for the Figure 3 amplifier design, with the Class AB stage (i.e.,
the internal outpertistage4of gain/drive stage 510, in certain embodiments) petaimnpg @mratagrator type
response in respect of the action seen by the outer loop. A resistor 572 (R2) has been added to
impedance network 570 (Z2) to help ensure stability of the inner feedback loop around transistors 03
and 04, while another resistor 592 (R3i) has been added to impedance network 590 (73) to
compensate the outer feedback loop for the zero introduced into the integrator response by resistor
572. Thigighegitpan&tt \Walke sapiossibidriar theatiee sulér 1bop lcerhpbaenteiivepstiince networks
Z1 - 74 to remain the same as the example illustrated in Figure 3. The retention of the high frequency
roll-off of the fifpivEa HiNEPSisyRPEsMpiRindsimarRINEr thgd-B 10 bra matefrsgisterstage 542
allows stability of the feedback loop around the output stage 550, and the final overall feedback loop
still allowSHEF WGPt fHIEd2¥ce of the amplifier 500 at audio frequencies. [0061]Other

arrange f the jnner loop.impedance networks are also possible, For example, if an extra gain
<tage Is MiPBduced GAYSHS GRTAREP BlAGHUSHE e AR A ST £ (e R FIpeac e retwork 570
(72) could.be dispensed with and resistor 528 (73i).replaced.wit apacitor., The gain of this inner

Joop woulH Har 05 s i moquas) T e b R AR e B R e el or resporse

o R R o 2 R B o g 0 e o e

additional inte r gain stage. Such an arrangement is det ure 6. Elements in Figure

6 labelecka6K:; denaipilN-rOFRSRERTH S, he sirular plements ahelnd it indzignre 8. In Figure 6, an

amplifier 600 receives an input signal 606 from an input signal source 605. Similar to Figure 5, the

amplifier QA dnsludes atarIRidHBE RGP 0B AR eRMRial:RA0RIME CRMPEISIHY transistors 643

and 644 (also labeled as 03 and 04) and voltage bias components 646 and 647, and an output stage

650 compeRiggHEanpisiaes fxkipacktrhfiglsedabeled amil Anelzhrianganithdmpedance networks
660, 670, 680 and 690 (also respectively labeled as 74, 72, 71 and Z3 in Figure 6). An additional gain

stage 616AréaiseoldibwtledsxX® invw igisterGphassbe @wdddeskbaiodisthesgiain/trvelystage:610B. The
amplifier 600 further includes an outer feedback network 656 comprising resistors 652, 653 (labeled as
R5, R6) aavengsioriBiuaiiabiiledcmn OF) driiving dBimiapppiposadsaickFiguress andy with
feedback being taken from the final output 640 of the amplifier 600 and fed into a feedback input
terminal 8taj&iansesgese 0 crintieBianavithdhmpewdifies JrRaigbskdsTioeED) hefisitioREw Between the

output of the gain stage 610A and the feedback _ o
additional power savings is described in co-pending U.S. Patent Application Ser. No.

12/253,047 filed on October 16, 2008, assigned to the assignee of the present
invention, and hereby incorporated by reference as if set forth fully herein. The use
of a Class G or H architecture for the first amplifier containing the gain/finput stage
may have the potential to introduce non-linearities into the system, which could need
{0 be controlled or otherwise taken account of.

(006531 Where a Class G or H architecture is applied to both the first and second
amplifiers, different power rails (with different voliage levels) may be provided to the
first amplifier and the second amplifier to, e.g., help isolation, reduce non-linearities,
and minimize power dissipation.

[0054] Figure 4 shows an example of the distortion performance that can be

achieved by an amplifier built according to the principles outlined above, when
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input terminal of gain stage 610A. Similarly, the impedance network 660 (74) is positioned between the
output of the driver stage 650 and the feedback input terminal of gain stage 610A. [0063]The feedback
from the output of gain/driver stage 610B continues to run through capacitor 648 (72i) into the
feedback inpetitesminabeof the gain/driver stage 610B. A feedback connectiow/is:alsgnnzaste from the
output of the intermediate stage 642 to the feedback input terminal of the gain/driver stage 610B. In
this case, the feedback element is a resistor 619 (also labeled as R2), and another resistor 618 (also
labeled Rgi) has been added coupling the feedback input terminal of the gain/driver stage 610B to
ground (or some other reference potential). Capacitor 628 and resistor 629 (also labeled as 73i and hi
respectivelppbé for fikirglarTaniabrsab BeietbimeshplThieaguiasy BotRBPINERFRHIMHNg part of
the inner feedback loop. [0064]In the design of Figure 6, the added gain stage 610A is configured with
an integrﬁ%‘@?@é‘ﬁ%ﬁ@@%@%t%%%ﬁé@o%ﬁ%ﬁwBb%‘@h%@ ﬁe%%g‘%af'ﬁ)?ﬁﬁmﬁe outer bridge and
loop components 74, R5, R6, C7, are connected tq the feedback input o{ the added gain stage
610A insteSFGPhE Geéfi‘itﬁj%\’}’e?is@é%‘ﬁb@WT%%“@'&W@STE%%HW EHIHRE 18P #Rétibling resistors 618

ather i 00 GO RoREL 94 S A B8 O F3TAne T NSRBI with
[ i I ' i QN | iti
doscribod B B e B R R A B R T e o

gain/drive,stagg 510, in some embodiments) retaining an integrator type response in respect of the
action seen by the outer loop. The choice of outer loop impedance network values to ensure maximum

distortionyag@ugtion poysRassto Jakesaceeupbaliibe aaifehiedpenopufichinarmasesthe effective
impedange of Z2 by@tghyé&ratio [R2+Rgi]/Rgi. A rgesistor %irlmjimggéeéan%:e netﬁéﬁgbmo (72) I1s not needed for

stability ofrthe: ipneefagdbrell sessainddrpRBsesiens o 3and dhehhist @pangameangagaiiz makes it
possible for the other outer loop components of impedance networks 71-74 of the Figure 3 amplifier

design tostemaithtiexsashtivEie seténtinrofite fhigh freqlengyiifiel-gffiotioesnrférinaemplifier subsystem
comprising gain stage 610A, gain/driver stage 610B, and intermediate stage 642 allows stability of the
feedbackflatbpnarouing thehmiipegstage630earsieh drfinal ol egdifeeitb dckdosmstill allows for low
output impedance of the amplifier 600 at audio frequencies. '

frequency. By using the additional feedback loop of Figure 3, this frequency

response can be altered as shown in Figure 8b. The low frequency response is

perfectly compensated by the outer feedback loop, resulting in a flat frequency

response out to relatively high frequencies. The outer frequency loop can also be

used for additional purposes, such as to extend the operating range of the amplifier

through the introduction of an additional zero and pole at high frequencies.

[o056] Further modifications or enhancements can also be made to the amplifier

architectures described above. For example, although the distortion of the Class AB

gain/driver stage 310 can be made to be low compared to that of the output stage

350, it will still generate some residual distortion. To overcome this, the Class AB

gain/driver stage 310 can itself employ the same distortion reduction technique as

used around the output stage 250 as previously outlined in connection with Figure 2.

[0057] This "cascaded"” approach is illustrated in the amplifier design shown in

Figure 5. Elements in Figure 5 labeled "5xx" generally correspond to the similar
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[0066]If the output impedance of the inner amplifier subsystem is an appreciable value in comparison
to the impedance of 73, then impedance network 73 can be modified (i.e., increased) to ensure correct
distortion reduction. [0067]By utilizing these extra network arrangements in the amplifier designs of
Figures 5 an®6, ahe/dissipation of the Class AB driver stage (that is, the irtemad outpasatmge of the
gain/driver stage 510 or 610B, in some embodiments) can be made even lower by reducing the Class
AB quiescent current further, since its distortion can be greatly reduced by the techniques described.
The Class AB stage of the gain/driver stage 510 or 610B could itself be biased in Class B, resulting in
a reduction of idle dissipation. [0068]A further reduction in idle dissipation can be obtained by
operating?f%*ﬁ@ﬁ%/@ﬁ\?g%ta?’éé 200184t 3100 i8YBENrAe e ier FP e R e the'duiescent
power suppl volt?@g to the gain/driver stab?e wil] be lower than would be the case otherwise. This

could be d6h LSS FRAbET 3%&?@%&9 _FQFS%?F@W@% %’r@%ﬁﬁ%&ﬂ&@g@w&lgﬁﬁg needed in
O L A g e stage
significantly, teduceds {Q0AE TP IR ASDRIRLY TR SIal GUHEaS SENSNG RS sky's in series

570, 580 and 590 (also respectively labeled as 24, 22, 71 and Z3 in Figure 5). An

additional feedback network 556 comprising resistors 552, 553 (alzo labeled as R5,

R6 in Figure 5) and a capacitor 554 (also labeled as C7 in Figure 5) is included in the

amplifier 500, having the same general purpose as in Figure 3, with feedback being

taken from the final output 540 of the amplifier 500 and fed into the feedback input

terminal of gain/driver stage 350. Also added in Figure 5 is an infermediate stage

542, which in one aspect may act és a second or supplemental driver stage,

comprising transistors 543 and 544 (also labeled as O3 and Q4) and voltage bias

components 546 and 547. The transistors 543 and 544 and coupled {o the positive

voltage rall +V and negalive voltage rail ~V respectively, and may be biased into

Cilass AB operating mode by bias components 546 and 547

[0058] The ouiput of the intermediate stage 542 is coupled 1o the input of the

output stage 550 via a resistor 529 (also labeled as Z1i in Figure 5). An additional

resistor 528 (also labeled as Z3i) is connected from the input of the output stage 550

to the input of the infermediate stage 542. The feedback taken from impedance

network 580 (Z3) thus passes through resisior 528 for purposes of intermediate

stage 542, although it is still applied directly to the input of the output stage 550. An

additional capacitor 548 (also labeled Z2i in Figure 5) is provided from the output of

the gain/driver stage 510 to the feedback input ferminal thereof. The feedback

derived from impedance network 570 (Z2) is taken from the output of the
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with the output transistors in order to provide for current limiting protection circuits. Impedance network
Z1 employed in the various amplifier designs of Figures 2, 3, 5 and 6 can be used to replace these
current sensing resistors as depicted in Figures 7a and 7b. Figure 7a shows a conventional current
limiting circuitsasraagesmant in which a push-pull output stage 700 comprises-fidxpa drpasistor 711 and
p-type transistor 712 (also labeled as 01 and Q2) that are inter-connected with a combination of
circuitry including transistors 721, 722 and 723 (also labeled as 03, 04 and 05 respectively), current
source 724 (also labeled as 11), and resistors 714 and 715 through which the output signal passes to
reach the final output 720 of the output stage 700. The amount of current that can be output from
transistor Pierectinite dibyatiei e unsaathat ibassepthdigh pesidttivel 41andthat Emount of current is
in turn determined by the base-to-emitter voltage of transistor 721, Resistor 715 and transistor 722
operate irPd&iianat PIRRHIS Brofett ranAdistof 72470 Anexéss sreduapuriciitriene (00 70]Figure 7b, on
the other hand, shows a modified current limiting circuit arrangement that takes advantage of the
presence GEMRBEHAFRR HONGIMRIEL 85 ERsPRINEE resis g eEAta s PYOm Ebre T iisoutput stage
750 comprises n- type transistor 731 and p-type transistor 732 (also labeled as 01 and Q2) that are
again inte]rrfﬁgﬁﬁa‘été@t% RSYRBRTUMARN of circuitry including transistors 7511 752 and 753 (also
labeled a 4 and 05 respectiyvely), current. sourc 54,6 Iso lapeled as 11), and, in this case,
resistor 7%%5\%#ch m%9t éﬁﬁg?gg@iyﬁ fn#ﬁﬁjee%i%@@%é o %ﬁ% 'af%/%?ﬂ?e%ﬁ?e%?ﬁgj@mbodiments
described [ ' sewhen transistor 731.(01) is,ON, then resistor 781 serves,to limit the
output cuﬁ%%’tgif% ?é%%ﬁh%%\%?%%@? or IfE i%ﬁ%%%}egmper%' a%\%’glgf &getg 5 O?g-é\mﬁi}er voltage of

-ype UaRien ahif L% sy RULERN AR AR HED BRI AP ATl dR S e fisistor 781

limits the output current in the same way as resistor 715, 1.e., using relatively fixed emitter-to-base

voltage ObiyRe HARRISIAL EoR0 JOYFQUIMHRWISITS [&%Zﬂzﬁé%esmapwm% grecraleheen

illustrated or discussed with particular reference to an audio power amplifier but is by no means limited

to this apglisatiyatgan 19 diselasediaphniguessAPpl alsRriastsyamplacladpnRe RuUdIo
amplifiers, video amplifiers and radio frequency amplifiers, among others. [0072]According to various
embodiméniigirag disclosed herein, a power amplifier is provided having low power dissipation and,
more specifically, is capable of having low idle and dynamic power dissipation levels. The power
amplifier &g diot requiteccchmsdetBhgwand ftighver Fnéherotes duire doduaiaesifo B8 I5aisfiltering. The
power amplifier may also deliver very low distortion levels.

and 528 (Z1i, Z22i and Z3i) have been chosen, along with impedance network 570

(Z£2), such that the inner loop realizes the distortion reduction condition described for
the Figure 3 amplifier design, with the Class AB stage (i.e., the internal ou@t siage
of gainfdrive stage 510, in certain embodiments) retaining an integrator type
response in respect of the action seen by the outer loop. A resistor 572 (R2) has
been added to impedance network 570 (Z2) to help ensure stability of the inner
feedback loop around transistors Q3 and Q4, while another resistor 592 (R3i) has
been added to impedance network 590 (Z3) to compensate the outer feedback loop
for the zero infroduced into the integrator response by resistor 572. This
arrangement makes it possible for the other outer ioop components of impedance
networks Z1 - Z4 to remain the same as the exampile illustrated in Figure 3. The
retention of the high frequency roll-off of the improved driver stage comprising

gain/driver stage 510 and intermediate stage 542 allows stability of the feedback
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[0073]In certain embodiments described herein, a low-power, low-distortion amplifier includes a
gain/driver stage, an optional intermediate stage, and an output stage in a cascaded arrangement. A
coupling path, which may in one aspect be viewed as a feed-forward path, is provided from the output
of the gain/drxenstageie the load, via a feed-forward impedance networlkethatspayinekice a
capacitor and a resistor connected in parallel. The output stage may be coupled to the load by another
impedance network such as a resistor. The output stage may also be coupled to the input of the
gain/driver stage by another impedance network, which may take the form of a capacitor and a resistor
in a series arrangement. The output of the gain/driver stage may also be coupled to its input by

another infEUARHE A AR GHRIhASR & third thE F i P L el &I #5099R S ALRARYSS, Beedback
network may be provided from the load to the input of th in/driver stage for stabilization, which may
nave the L B HeHHEIRG QUAVa PELTEC) LS LRt tfuencies wil leaving the
response gﬁ%%’% nged gt nigher fre%&&%}%?fﬁé‘? %39{88”%@5&%?&%@&%% $ may igke the form of &
low pass filter and, more speuﬁgaGI y, a T-network of WO SCHEs TeSIStors and a capacitor connected

petween DSUAA0 RN SMIRARAALIPIBRD G2 AR RHAR ARSI MlASh. T ARRLPLAl feedback

network may be used to counter-act the resistive nature requency response o feed-forward

impedancepetyork-ablowtdrenuentis s, Regausadb aaddiiionnb ieeshackdebatk i fed into the

negative input of the gain/driver stage, it effectively cancels out the low frequency component of the

amplifier'syfiaquenasiaspense zentivted by ihafeagfamvardimpatanceneinersiR075]In some

embodiments, an additional intermediate amplifier stage may be provided, which functions in certain
respects agaidriver stage; and fragactegd-forardpathgouplins tethe teaglvda the third impedance
element. [0076]In certain embodiments, the main output stage is operated in Class B

integrator response ana the outer bridge and loop components 724, RS, R8, C7, Zg

could be connected to the input of the additional integrator gain stage.

{0062} Such an arrangement is detailed in Figure 6. Elements in Figure 8

labeled "8xx" generally correspond to the similar elements labeled "5xx" in Figure 5.

In Figure 6, an amplifier 800 receives an input signal 606 from an input signal source

605. Similar to Figure 5, tﬁe amplifier 600 includeé a gain/driver stage 610B, an

intermediale stage 642 comprising fransisiors 843 and 644 (also labeled as Q3 and

Q4) and voltage bias components 646 and 847, and an output stage 650 comprising

transistors 631 and 632 (also labeled as Q1 and Q2), along with impedance

networks 660, 670, 680 and 690 (also respectively labeled as 24, 22, 71 and Z3 in

Figure §). An additional gain stage 610A (also labeled X2 in Figure 6) has been

added before the gain/driver stage 610B. The amplifier 800 further includes an outer

feedback network 656 comprising resistors 652, 653 (labeled as R5, R6) and

capacitor 654 (labeled as C7), having a similar purpose as in Figures 3 and 5, with

feedback being taken from the final output 640 of the amplifier 600 and fed into a

feedback input terminal of gain stage 610A. In this case, the impedance network

670 (Z22) is positioned between the output of the gain stage 610A and the feadback
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mode, while the gain/driver stage is operated in Class AB mode, thus leading to a low power
dissipation configuration. At low signal levels, the gain/driver stage (and/or an intermediate amplifier
stage) may provide the drive for the output signal via the feed-forward or coupling between the
gain/driver stagex{amshansthe intermediate amplifier stage) and the load, (thropnghkimpedasnce network
Z3, while at higher signal levels the main output stage drives the load. In alternative embodiments, one
or both of the gain/driver stage and the main output stage may be operated in Class G or H mode, with
the addition of an appropriate power supply for the amplifier. In alternative embodiments, the main
output stage may be operated in Class AB mode, or else in Class A mode. While doing so may
increase PORVE IR iEHITAGHE atﬁ|§t@@ﬁff§%tlﬁﬁwwiﬁﬂh%@m@@f@mﬂﬁﬁ%@@ﬂ& provided by
the novel deS|gns discussed herein. [0077]The novel power amplifier embodiments of Figures 2, 3, 5
and 6 may®¥ Wﬁé’@ﬁ‘ﬁ%%h@ﬁﬁ%%% ariifd s pafrimrdring fsedkankimetted entirely on a
single chip, with ossible e tion of the capacitive component of impedance network Z3 which
may, in sg IﬁP@% % thll relatively small as compared to an inductor, hence allowing

?S”Ji‘l!eéé’@@ééﬁé‘ﬁtkiﬁwso?é%ﬁ T S R e OB
h | I f h
veed in adB S %%%@%%rﬁ%?ﬁﬁfeé%tﬁéoies é‘%%ﬁbié%%?rﬁ i ovl”e‘?ﬁé‘aﬁ;"é'p"?r; e
cisclosec IRigln ANRKAS:BUIAIRIof MArK TRl i %@é%&@é@@ﬂpﬁ% gg@ a%*%%%gé sound

reproduction, communications, satellites, and other app |cat|ons The ier designs can

potentiallyhave yeryawids: feieney FARGE Withesyhaiantialy %%MS%%%S@V% maintaining

low power dissipation and low distortion. For example, the amplifier may provide relatively flat or
constant gadaiisaer Snsnisnor af2Qidiate RDKEE fasaudissarp) If@ﬁ@@ﬁo@%ﬂ%&@@ dipaited, and

conceptually may provide flat or constant gain over a much Iarger pass-band, depending upon the
specific apgticatibelc@ G LNbilscprefeied emididimpsteeltelinventieshava begr described
gain/driver stage 610B to ground (or some other reference potential). Capacitor 628
and resistor 629 (also labeled as Z3i and Z1i respectively) perform similar functions
to their counterparts in Figure 5, both of them forming part of the inner feedback
' loop.
[0064] In the design of Figure 6, the added gain stage 810A is configured with
an integrator response (using the capacitor 671 of impedance network 72), and the
outer bridge and loop components Z4, R5, R6, C7, Zg are connected to the feedback
input of the added gain stage 810A instead of the gain/driver stage 610B. The gain
of the inner feedbhack loop including resistors 618 and 619 (Rgi and R2) is flat with
frequency.
[0065] As with Figure b, in the example of Figure 6 the other inner loop
components 629, 648 and 628 (£1i, £2i and Z3i) have been chosen, along with
impedance network 670 (Z2), such that the inner loop realizes the distortion

reduction condition described for the Figure 3 amplifier design, with the Class AB

stage (i.e., the internal output stage of gain/drive stage 510, in some embodiments)
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herein, many variations are possible which remain within the concept and scope of the invention. Such
variations would become clear to one of ordinary skill in the art after inspection of the specification and
the drawings. The invention therefore is not to be restricted except within the spirit arid scope of any
appended claimsoiWletss claimed is 1. An amplifier, comprising: a first ampiifienfosnessiwing an input
source signal; a second amplifier downstream from the first amplifier: and a plurality of impedance
networks providing (i) feedback paths from outputs of said first amplifier and said second amplifier to
an input of said first amplifier, (ii) a first coupling path from the output of said second amplifier to a
load, and (iii) a.second couplingwpath from the output of said first amplifier to the load; wherein all of

said impelFAHEL A BRSSO Coinp REPORR BrRSASHIY Cgadits S animcL&nifRations of

resistors g_nd chaCito%s, ?n% wherein gt least one cg saiid impedance networks gdom rises a capacitor.
he choice of ouler loop impedance nelwork values o ensure masamurm distortion :

reduction now has to take account of the gain of the inher loop which increases the
effective impedance of Z2 by the ratio [RZ2+Rgil/Rgi. A resister in impedance
network 670 (22} is not needed for stability of the inner feedback loop around
fransistors Q3 and Q4. This arrangement again makes it possible for the other outer
loop componenis of impedance networks Z1-Z4 of the Figure 3 ampilifier design to
remain the same. The retention of the high frequency roil-off of the inner amplifier
subsystem comprising gain stage 610A, gain/driver stage 6108, and intermediate
stage 642 allows stability of the feedback loop arcund the output stage 650, and the
final overall feedback loop still allows for low output impedance of tﬁe amplifier 600
at audio frequencies.

[o0es] if the output impedance of the innher amplifier subsystem is an
appreciable value in comparison to the impedance of Z3, then impedance network
£3 can be modified (i.e., increased) to ensure correct distortion reduction.

[0067] By utilizing these extra network arrangements in the amplifier designs of
Figures 5 and 6, the dissipation of the Class AB driver stage (that is, the internal
output stage of the gain/driver stage 510 or 6108, in some embodiments) can be
made even lower by reducing the Class AB quiescent current further, since its
distortion can be greatly reduced by the techniques described. The Class AB stage
of the gain/driver stage 510 or 610B could itself be biased in Class B, resulting in a
reduction of idle dissipation.

[0068] A further reduction in idle dissipation can be obtained by operating the

gain/driver stage 210, 310, 510 or 610B in Class G or H mode, since the quiescent
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2. The amplifier of claim 1, wherein a first impedance network providing said first coupling path
comprises a resistor connected between the output of said second amplifier and the load. 3. The
amplifier of claim 2, wherein a second impedance network of said plurality of impedance networks
providing a fisss eegihsekepath from the output of said first amplifier to the maput b saidstisst amplifier
comprises a capacitor. 4. The amplifier of claim 3, wherein a third impedance network of said
plurality of impedance networks providing said second coupling path comprises a resistor and
capacitor connected in parallel between the output of the first amplifier and the load. 5. The amplifier
of claim 4, wherein a fourth impedance network of said plurality of impedance networks providing a

second fREWBASKRRIMREAIEE Surma BiUiver Stagn W mBIRteEiiRe WPUICOPSLR fitamplifier

comprises,a capacitor and resistor connected, in series. 6. The amplifier of claim 1, wherein a fifth
mpoddantlEBEEd B Sl I GrgE TRE e SSRGS S thidb fEctBatk Bith from the
load to the input of said first amplifier comprises.a low pass filter. 7. The amplifier of claim 1, wherein
il SocB LR A AR OB S RN RS B sy I S BR  Te et

claim 7, WB&V%E?H% f{FuSé S‘HEBJH‘%F {ﬁé) Bg[%%g} &?gsg AR network circuitry allows

any switching distortion introduced into the gain/driver stage to be significantly
reduced.

00697 Amplifiers generally incorporate small current sensing resistors in series
with the output transistors in order to provide for current limiting protection circuits.
impedance network Z1 employed in the various amplifier designs of Figures 2, 3, 5
and 6 can be used to replace these current sensing resistors as depicted in Figures
7a and 7b. Figure 7a shows a canveniioﬁal current limiting circuit arrangement in
which a push-pull output stage 700 comprises n-type transistor 711 and p-type
transistor 712 (also labeled as Q1 and Q2) that are inter-connected with a
combination of circuitry including fransistors 721, 722 and 723 (also labeled as Q3,
(34 and Q5 respectively), current source 724 (also labeled as 11), and resistors 714
and 715 through which the output signal passes to reach the final output 720 of the
output stage 700. The amount of current that can be output from transistor 711 is
limited by the current that passes through resistor 714, and that amount of current is
in turn determined by the base-to-emitter voltage of transistor 721, Resistor 715 and
transistor 722 operate in a similar fashion to protect transistor 712 from excessive
output current.

[0070] Figure 7b, on the other hand, shows a modified current limiting circuit
arrangement that takes advantage of the presence of impedance network Z1 to

dispense with resistors 714 and 715. In Figure 7b, output stage 750 comprises n-
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9. The amplifier of claim 1, wherein the power amplifier has a frequency response that is substantially
constant aver a low frequency band. 10. An amplifier, comprising: a first amplifier receiving an input
signal to be amplified and supplied to a load; a second amplifier downstream from the first amplifier,
said second amlifiendsirng operated in a low power dissipation mode; a fegd-igrwardRetwork
coupling an output of said first amplifier to the load, said feed-forward network comprising a capacitor
and a resistor connected in parallel; a resistor coupling said second amplifier to the load; and a
plurality of negative feedback paths from the respective outputs of said first and second amplifiers to
an input of said first amplifier. 11. The amplifier of claim 10, further comprising an additional
feedback {y&fh fasipishe loaaodtielimsut onsalarirst apiphifiepeicd zsTRE antbifbribetkien 10, wherein
said additional feedback path comprises a low pass filter, and serves to cancel out the frequency
response L PGVEPAMRBIFE 1A GG HER sk SVRNTHT tHacdanR Haneawsade baffhus providing
a constant fre?uenc res onsqﬁ ov§ low frequencies. 13. The amplifier of claim 10, wherein said

|

second arﬁiﬁﬂf e‘fﬁg %%}g g(l)e CS %,@ﬁ@%_@ﬁ respectively), current source 754 (also

labeled as 1), and, in this case, resistor 781 which may be the resistor in impedance
network Z1 of any of the previous embodiments described hersin. In this case, when
transistor 731 (Q1) is ON, then resistor 781 serves fo limit the output current in the
same way as resisior 714, L.e., using the relatively fixed base-to-emitter voltage of n-
type transistor 751 to limit the output current, and when transistor 732 ((2) is ON,
then resistor 781 limils the output current in the same way as resistor 715, i.e., using
the relatively fixed emitier-to-base voltage of p-type transistor 752 to limit cutput
current.

f0071] The invention has generally been illustrated or discussed with particular
reference to an audio power amplifier but is by no means limited to this application
area. The disclosed techniques apply also, for example, to low power audio
amplifiers, video amplifiers and radio frequency amplifiers, among others.

[0072] According to various embodiments as disclosed herein, a power amplifier
is provided having low power dissipation and, more specifically, is capable of having
fow idle and dynamic power dissipation levels. The power amplifier may not require
a bias setting, and further may not require inductors for EMI or filtering. The power
amplifier may also deliver very low distortion levels.

10073] In certain embodiments described herein, a low-power, low-distortion
amplifier includes a gain/driver stage, an optional intermediate stage, and an output
stage in a cascaded arrangement. A coupling path, which may in one aspect be

viewed as a feed-forward path, is provided from the cutput of the gain/driver stage to
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14. The amplifier of claim 13, wherein said first amplifier is operated in Class AS mode. 15. The
amplifier of claim 10, wherein said second amplifier is operated in Class G or Class H mode. 16. The
amplifier of claim 15, wherein said first amplifier is operated in Class AS mode. 17. The amplifier of
claim 10, wheveinesaidaegative feedback paths each comprise a feedbaclkpeinarkapRIREISINg only

one or more resistors, capacitors, or network combinations thereof.  18. The amplifier of claim 10,
further comprising an intermediate amplifier stage disposed between the first amplifier and the second
amplifier. 19. A low dissipation amplifier, comprising: a driver amplifier for receiving an input signal;
an output amplifier;

the load, via a feed-forward impedance network that may include a capacitor and a

resistor connected in paraliel. The output stage may be coupled to the load by

another impedance network such as a resistor. The output stage may also be

coupled to the input of the gain/driver stage by another impedance network, which

may take the form of a capacitor and a resistor in & series arrangement. The output

of the gain/driver stage may also be coupled to its input by another impedance

network, which may take the form of a capacitor,

[0074] In addition, a feedback network may be provided from the load to the

input of the gain/driver stage for stabilization, which may have the affect of flattening

the overall frequency response at low frequencies will leaving the response

unchanged at higher frequencies. The additional feedback network may take the

form of a low pass filter and, more specifically, a T-network of two series resistors

and a capacitor connected between their common node and a reference potential

(such as ground). The additional feedback network may be used to counter-act the

resistive nature of the frequency response of the feed-forward impedance network at

low frequencies. Because the addifional feedback network is fed into the negative

input of the gain/driver stage, it effectively cancels out the low frequency component

of the amplifier's frequency response coniributed by the feed-forward impedance

network.

[0075] in some embodiments, an additional intermediate amplifier stage may be

provided, which functions in certain respects as a driver stage, and has a feed-

forward path coupling to the load via the third impedance element.

f6078] In certain embodiments, the main output stage is operated in Class B

mode, while the gain/driver stage is operated in Class AB mode, thus leading fo a
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a first impedance network Z1 coupling the output amplifier to a load; a second impedance network Z2
providing a feedback signal indicative of an output of the driver amplifier to an input of the driver
amplifier; a third impedance network Z3 coupling the output of the driver amplifier to the load; and a
fourth impedsarresonedwonk Z4 providing a feedback signal indicative of an suputeiishesestput amplifier
to the input of the driver amplifier; wherein the third impedance network Z3 comprises a capacitor and
a first resistor connected in parallel; and wherein the first impedance network comprises a second
resistor. 20. The low dissipation amplifier of claim 19, wherein the second impedance network Z2
comprises a third resistor, and wherein the fourth impedance network Z4 comprises a fourth resistor
and a sedotidenisaciiviiealipiecdifvsdins, AtdowrenpedRisigaearriHIpifsrdR@taim 20, wherein
each of said first, second, third or fourth impedance networks Z1, Z2, Z3 and Z4 consists of one or

" more resiSBRC AP AESTECSFHEWBRAL inTEeRi SrRtRETSEE thezirmdmoliaissipatisiafplifier of claim

19, wherein said low dissipation amplifier does nohinclu_de a balancing inductor in any of the

impedan@@r@ﬁf@%’@i‘?’ﬁ 9iegHRlpg petween the gain/driver stage (and/or the

intermediate amplifier stage) and the load, (through impedance network Z3, while at
higher signal levels the main ouiput stage drives the load. In allernative
embodiments, one or both of the gainfdriver stage and the main oufput stage may be
aperated in Class G or H mode, with the addition of an appropriate power supply for
the amplifier. In alfernative embodiments, the main output stage may be operated in
Class AB mode, or else in Class A mode. While doing so may increase power
dissipation, this configuration may still take advantage of other benefits provided by
the novel designs discussed herein.

[G077] The novel power amplifier embodiments of Figures 2, 3, 5 and 6 may be
realized in a very small package and, in particular, may be implemented entirely on a
single chip, with the possible- exception of the capacitive component of impedance
network Z3 which may, in some cases, be large but still refatively small as compared
to an inductor, hence allowing smaller overall packaging size. Because of the
amplifier's low power dissipation, multiple amplifiers {such as four, eight, or possibly
more) may be included on a single chip without the risk of over-heating. Such a chip
can be particularly convenient for multi-channe! amplifier system such as used in
audio applications or for other purposes.

[0078] As noted above, the amplifier designs disclosed herein may be suitable
for many different types of applications, including audio or sound reproduction,
communications, satellites, and other applications. The novel amplifier designs can

potentially have very wide frequency range with substantially flat or constant gain,
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23. The low dissipation amplifier of claim 19, further comprising a fifth impedance network providing a
feedback path from the load to the input of said driver amplifier. 24. The low dissipation amplifier of
claim 19, wherein the values of the first, second, third and fourth impedance networks Z1, Z2, Z3, and
Z4 satisfy theveetstionsbipg Z1 (S),Z2(s)=23(s). Z4(s). 25. The low dissipatior/esnplifies4ficlaim 19,
wherein a time constant of the third impedance network Z3 approximately matches a time constant of
the fourth impedance network Z4. 26. The low dissipation amplifier of claim 25, wherein at high
frequencies an impedance characteristic of impedance network Z3 appears capacitive in nature. 27.
The low dissipation amplifier of claim 26, wherein at low frequencies below which the impedance

characterigtideofredideRivpirpcrpreedietlaren st A aREVErTRs Fmp&IdhRe characteristic of
the third impedance network Z3 appears resistive. = 28. The low dissi ationfam lifier gf claim 19,
wherein tEIiEh TRRYEIAHIES RBRIBRYPEOiisdent GaieQRidifo Hiselis& B pcitor, and
wherein lue of the series resistor is selected to prqvide a unity loop. gain frequency, to facilitate
stability W@ T%W@?l@ﬁﬁ" i %’Eﬁi‘fi%@ 15 %fﬁé% iSEipatioly é‘?ﬁ%ﬁg?‘ e a%)rﬁq%, {nerein said
output am@é‘é@tggﬁ %g%r%iifeégrQn%%%sigbrgrg?%g?sg«band, depending upon the specific

application.

j0079] While preferred embodiments of the invention have been described

herein, many variations are possible which remain within the concept and scope of

the invention. Such variations would become clear to one of ordinary skill in the art

after inspection of the specification and the drawings. The invention therefore is not

to be restricted except within the spirit and scope of any appended claims.
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30. The low dissipation amplifier of claim 29, wherein said driver amplifier is operated in Class AB
mode. 31. The low dissipation amplifier of claim 19, wherein said output amplifier and said driver
amplifier are both operated in Class G or Class H mode. 32. The ow dissipation amplifier of claim 19,
further comprising an intermediate amplifier stage disposed between said driver amplifier and said
output ampllfler ?€3 A I%wddlssmatlon amplifier, comprising: a driver amplifier coupled to an input
signal; an output ampl er. & first impedance network Z1 coupling the output amplifier to a load; a
second impedance network Z2 providing a feedback signal indicative of an output of the driver
amplifier to an ihpirt ahtlidedrivenpasiglifier;

& first amplifier for receiving an input source signal;
a second amplifier downstream from the first amplifier; and

a plurality of impedance networks providing (i) feedback paths from outputs of said first
amplifier and said second ampiifier to an input of said first amplifier, (i) a first coupling path
from the output of said second amplifier to a load, and (i) a second coupling path from the

output of said first amplifier to the load;

wherein all of said impedance networks are comprised only of resistors, capacitors, or

network combinations of resistors and capacitors, and
wherein at least one of said impedance networks comprises a capacitor.

2. The ampiifier of claim 1, wherein a first impedance network providing said first coupling
path comprises a resistor connected between the output of said second amplifier and the

load.

3. The amphfier of claim 2, wherein a second impedance network of said plurality of
impedance networks providing a first feedback path from the output of said first amplifier to

the input of said first amplifier comprises a capaciior.

4. The amplifier of claim 3, wherein & third impedance network of said pluratity of
impedance networks providing said second coupling path comprises a resistor and capacitor

connecied in parallel between the output of the first amplifier and the load.

5. The amplifier of claim 4, wherein a fourth impedance network of said plurality of
impedance networks providing a second feedback path from the cutput of said second
ampfifier to the nput of said first amplifier comprises a capacitor and resistor connected in

series.
8. The amplifier of claim 1, wherein a fifth impedance network of said plurality of impedance
networks providing a third feedback path from the load to the input of said first amplifier

comprises a low pass filter.

7. The amplifier of claim 1, wherein said second amplifier is operated in Class AB mode,
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a third impedance network Z3 coupling the output of the driver amplifier to the load; and a fourth
impedance network Z4 providing a feedback signal indicative of an output of the output amplifier to the
input of the driver amplifier; wherein the values of the first, second, third and fourth impedance
networks satisfy the relationship Z1(s).Z2(s)=23(s).Z4(s); and wherein all of said impedance networks
are comprised (Hpg)ésoé ors, %a@gcitors, or network combinations of resistors and capacitors, and

resist
wherein at least’one of Said |mpeo?an'ce networks comprises a capacito
8. The amplifier of claim 7, wherein said first amplifier is operated in Class AB mode.

. The amplifier of claim 1, wherein the power amplifier has a frequency response that is

substantially constant over a low frequency band.

10. An amplifier, comprising:

a first amplifier receiving an input signal to be amplified and supplied to a load;

a second amplifier downstream from the first amplifier, said second amplifier being operated

in a low power dissipation mode;

a feed-forward network coupling an output of said first amplifier to the load, said feed-forward

network comprising a capacitor and a resistor connected in paraliel;

a resistor coupling said second amplifier to the load; and

a plurality of negative feedback paths from the respective ouiputs of said first and second

amplifiers to an input of said first amplifier.

11. The amplifier of claim 10, further comprising an additionai feedback path from the icad
to the input of said first amplifier,

12. The amplifier of claim 10, wherein said additional feedback path comprises a low pass
filter, and serves to cancel out the frequency response of the power amplifier at low
frequencies without the additional feedback path thus providing a constant frequency
response over iow frequencies.

13. The amplifier of claim 10, wherein said second amplifier is operated in Ciass B mode.

14. The amplifier of ciaim 13, wherein said first amplifier is operated in Class AB mode.

15. The ampiifier of claim 10, wherein said second amplifier is operated in Class G or Class

H mode.
16. The amplifier of claim 15, wherein said first amplifier is operated in Class AB rmode.
17. The amplifier of claim 10, wherein said negative feedback paths each comprise &

feedback network comprising only one or more resisiors, capacitors, or network combinations

thereof.
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18. The ampilifier of claim 10, further comprising an intermediate amplifier stage disposed

between the first amplifier and the second amplifier.

18. A low dissipation amplifier, comprising;

a driver amplifier for receiving an input signal;

an output amplifier,

a first impedance network 21 coupling the output amplifier to a load;

a second impedance network Z2 providing a feedback signal indicative of an output of the

driver amplifier to an input of the driver amplifier;

a third impedance network Z3 coupling the output of the driver amplifier to the load; and

a fourth impedance network Z4 providing a feedback signal indicative of an output of the

output amplifier o the input of the driver amplifier;

wherein the third impedance network Z3 comprises a capacitor and a first resistor connected

in paraliel; and

wherein the first impedance network comprises a second resistor.

20. The low dissipation amplifier of claim 19, wherein the second impedance network Z2
comprises a third resistor, and wherein the fourth impedance network Z4 comprises a fourth

resistor and a second capacitor connected in searies,
21. The low dissipation amplifier of claim 20, wherein each of said first, second, third or
fourth impedance networks Z1, 722, 23 and Z4 consists of one or more resistors, capacitors or

network combinations thereof.

22. The low dissipation amplifier of claim 18, wherein said low dissipation amplifier does

not include a balancing inductor in any of the impedance networks Z4, 22, Z3 and Z4.

23. The low dissipation ampiifier of claim 19, further comprising a fifth impedance network
providing a feedback path from the load to the input of said driver amplifier.

24. The ow dissipation amplifier of claim 19, wherein the values of the first, second, third
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and fourth impedance networks Z1, Z2, Z3, and Z4 satisfy the relationship
ZA(8rZ22(5)=23(s) Z24(s).

25. The low dissipation amplifier of claim ¢, wherein a fime constant of the third
impedance network Z3 approximately matches a time constant of the fourth impedance

network Z4.

26. The low dissipation amplifier of claim 25, wherein at high frequencies an impedance

characteristic of impedance netwerk Z3 appears capacitive in nature.

27. The low dissipation amplifier of claim 26, wherein at low freguencies below which the
impedance characteristic of said third impedance network 23 appears capacitive, the

impadance characteristic of the third impedance network 23 appears resistive.

28. The low dissipation amplifier of claim 19, wherein the fourth impedance network Z4
comprises a series resistor and a series capacitor, and wherein a value of the saries resistor
is selected to provide a unity loop gain frequency to facilitate stability of the low dissipation

amplifier.

28. The low dissipation amplifier of claim 18, wherein said output amplifier is operated in

Class B mode.

30. The low dissipation amplifier of claim 29, wherein said driver amplifier is operated in
Class AB mode.

31. The low dissipation amplifier of claim 19, wherein said output amplifiar and said driver

amplifier are both operated in Class G or Class H mode.

32. The low dissipation amplifier of claim 19, further comprising an intermediate ampilifier

stage disposed between said driver amplifier and said output amplifier.

33. A low dissipation amplifier, comprising:
a driver amplifier coupled to an input signal;
an output amplifier;
a first impedance network Z1 coupling the output amplifier to a load;
& second impedance network Z2 providing a feedback signal indicative of an output of the

driver amplifier to an input of the driver amplifier;
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a third impedance network Z3 coupling the output of the driver amplifier to the load; and

a fourth impedance network Z4 providing a feedback signal indicative of an output of the
output amplifier to the input of the driver amplifier;

wherein the values of the first, second, third and fourth impedance networks satisfy the
relationship Z4(s) Z2(5)=23(5)-Z4(s); and

wherein all of said impedance networks are comprised only of resistors, capagcitors, or

network combinations of resistors and capacitors, and

wherein at least one of said impedance networks comprises a capacitor.
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