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Caleulations have been presented!:? to show that
maximum transistor power dissipstion in a class B amp-
lifier occurs when the output stage is delivering about
40 peccent of maximum power output to the load and max.
imum transistor power dissipation amounts to about 20
per cent of maximum sine-wave power output in class B
output stages. These calculations are based on several
important assumptions, including that of perfect power-
supply regulation, This Note considers the effect of
power-supply regulation on the ratio of music power fo
continuous power, the ability of the amplifier to repro-
duce program material, and the economics of amplifier
construction.

POWER-SUPPLY REGULATION

Regulation curves for typical rectifier power sup-
plies with capacitive input filters show that the drop in
de output voltage E ;. is nearly a linear function of the
de output current I, over the entire useful range of the
supply. Fig.1 shows a regulation curve for a typical
transformer/rectifier supply with a capacitive input fil-
ter. The slope of the curve is equal to the effective
value of the intetnal resistance of the supply. The
supply voltage Eg may be related ta the no-load supply
voltage E_ as follows:

Es = Eo - Rly, L

o

where. Rg ?s t]'.le internal resistance of the supply. (This
equation is discussed further in Appendix A.}
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A single-ended power supply in a class B amplifier
delivers curzent on alternate half cycles, The output
current I, is then equal to the peak output current [
divided by 7, and the supply voltage is given hy o

Eg™ B, = Ry (l,/7) ey
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Fig.] - Typical requlation curve for a tronsformer/rech-
fier power supply with o capacitive input filter,

Each half of a balenced split supply delivers the
same magnitude of current on alternate half eycles, For
the split supply, E; and Eu in Eq. (2) represent the
sum of the voltages of both sides; R, is the sum of the
effective series resistance of both sides.
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POWER QUTPUT AND TRANSISTOR POWER
DISSIPATION

When the value of ES derived from Eq. (2} is used
ag the supply voltage, the maximum transistor dissipa-
tian PT(m“) may be expressed as follows:

- 2. 3
Poriman) - Eo 2/ (8Rg 47 R ) (3

where R, is the resistance of the load,

The maximum unclipped power output for an ampli-
fier with a perfectly regulated supply is often called the
music power output,* P.0O.{music), and is given hy

P.0.(music) = E_2/ 8R,. (4)

Maximum average transistot dissipation is telated to
the music powet output by the following expression:

2
P'l‘(max) i RS -1
[ = ()
P.D.{music) 2 RL

The power output at which maximum average tran-
sister dissipation occurs, P.O. (max diss)}, is telated to
the music power output as follows:

P.O.(max diss) | 7! R R ? -1
o T R e @
P.0.(music) 4 RL w RL

The continuous power output at the clipping level,
P.0O. {clipping), is related to the music power output by
the following expression:

P.0.(clipping) Ry R.? -1
=1+ == 7
P.O.(music) R, 4n'R Y

Egg. (5),(6), and (7) are plotted in Fig.2. Power
leveis are normalized with respect to the music power
output and are plotted as a function of Rg/ R, . These
equations are derived in Appendix A,

Fig.2 shows that transistor power dissipation is
only a small fraction of the clipping power output for
higher ratios of RS/RL. Fot example, a 100-watt amp-
lifier can use transistors and associated heat sinks
capable of a maximum dissipation of only about 7 watts
each. However, Eqgs. (5),(6), and (7} (and consequently

* Although the EIA atandard (RS-234A) refers to the point at
which total harmonic distorlion is 5 per cent when a regu-
iated supply is used, for the purpose of this discussion the
maximum unclipped sine-wave pewer output is referred to as
the music power output, The EIA value is about 10 percent
greater.

the curves of Fig.2} do not reflect high line voltage or
the effects of ripple voltage. Calculations of average
power dissipation in transistors should also include no-
signal bias dissipation, the increase in bias dissipation
with increasing embient and junction temperatures in
class AB circuits, storage effects, phase shift, and
thermal tracking.3'4
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Fig.2 - Power outpyt and dissipation as o function of the
ratio of internal supply to load resistance.

Of the above factots, bias dissipation probably con-
tributes the greatest percentage of average worst-case
transistor dissipation. The output stage is usuvally
biased *‘on'' slightly (class AB) to teduce crossover

distortion.

A Proctical Class B Amplifier

Fig,3 shows a class B complementary-symmetry
power-amplifier circuit in which bias dissipation is not
a problem; it is negligible at all practical tempetatures.
One side of the amplifier operates af cutoff and the
other conducts less than one milliampere. Thermal run-
away cannot be initiated in the cutput-stage transistors
at any junction temperature below the maximum transis-
tor tating. Consequently, thermal tracking may also be
neglected as long as the sum of the amhient temperature
plus the product of the instantanecus dissipation and
the junclion-to-ambient thermal resistance is below the

maximum junction-temperatute rating.

Storage effects are also negligible in the amplifier
because of the reverse bias provided for the "“off"’ tran-
sistor by the ‘‘on'’ transistor in the complementary-
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symmelry configuration. Fig.3, then, represents a prac-
tical example of un amplifier capable of uchieving the
characteristics shown in Fig.2. The amplifier circuit
is discussed in further detail in Appendix B,

Amplifier Economics

Some economic udvantages afforded by the class B
amplifieruzing high values of R¢/R; and correspondingly
high ratios of music-power output to transistor dissipa-
ticn are as follows:

1. Reduced transistor or heat-sink cost. (Becuuse
the volt-ampere capacity of the transistor is de-
termined by the music power output, it is nol
likely that reduced thermal resistance requite-
ments will result in significant reduction in tran-
gistor cost. Alternatively, heal-sink require-
ments may be reduced and a less expensive heat
sink used.)

2. Reduced power-supply costs. {Transformer and/
or filler-capacitor specifications may be relaxed,)

3. Reduced speaker cost, (Continuous power-han-
dling capability may be relaxed.)

These cost reductions cen be passed along to the con-
sumer in the form of more music power per dollar.

Fig.3 - A practicol class B omplifier circuit.

Amplifier Fidelity

The question arises as to how high the ratio of
RS/RL and the corresponding ratio of music-power out-
put to continuous-power output may go before amplifier
fidelity, Ihe capsbility of the amplifier to reproduce
program malerial, is impaired.

The cbjective in any high-fidelity amplifier is to provide
the listener with a close approximation of the original
“live’” performance, This goal requires the reproduction of
sound-pressure levels approaching those of the concert
hall.  Although the peak scund-pressure level of the
live performance is about 100 dB, the average listener
prefets to operale his system at a peak sound-pressure
level of about 80 dB.? However, the amplifier should
also accommodate these who wish to listen at higher-
than-average levels, perhaps to peaks of 100 dB.

A sound-pressure level of 100 dB corresponds to a
power of about 0.4 acoustical watt for an average room
of abont 3,000 cubic feet.® If speaker efficiencies in
the range of ane per cent are assumed, a stereophonic
amplifier must be capable of delivering about 20 watts
per channel, The peak-to-average level for most pro-
gram material is between 20 and 23 dB. A system cap-
able of praviding a continuous level of 77 dB and peaks
of 100 dB satisfies the requirements of nearly all list-
eners. To achieve this output level, the power-supply
voltage cannot drop helow the voltage required for 100
dB of uccustical power while delivering the average
current required for 77 dB, Furthermore, because sus-
tained passages 10 dB above the average mav occur,
the power-supply voltage cannot drop below the voltage
required for 100 dB of acoustic power while delivering
87 dB (87 dB corresponds to about 1 watt per channel).
For 8-ohm loads, therefore, neglecting output-circuit
losses, the power-supply voltage must not drop below
36 volts while delivering the average curreni reguired
for 1 watt per channel (0.225 ampere dc).

The power-output capability of the amplifier on
peaks, while the amplifier is delivering a total of twa
watts, does not represent the music-power rating of the
amplifier because the power-supply voltage is below its
no-signal value by an amount depending on its effec-
tive scries resistance,

Maximum Effective Series Resistance

There must be a relationship between the maximum
effective series resistance Rg of the power supply and
the music-power rating of the amplifier if the amplifier
is to perform according teo the standards described
above. R, may be expressed as a function of music-
power output as follows:

(SRI,) P.O.{music} Ya ES(min}

5 i2 T

(8)
where Ko S(min) is the minimum voltage required tor 100
dB of acousticl power output, and I is the current re-
quired for 87 dB of acoustical power output; I does not
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include idle current. This relationship is discussed
further in Appendix C. In practice, Es(min)
ed by peak output-circuit voltage losses.

is increas-

Eg. {8) is plotted in Fig.4. Each value of RS repre-
sents 1he absolute maximum value of effective supply
resistance corresponding to & music-power value that
will allow the amplifier to deliver a minimum of 100 dB
of acoustical power output as described above.

Comparison of Fig.d with I'ig.2 shows that very
high ralios of music-power output to continuous-power
output may be utilized without sacrificing the ability of
the amplifier to reproduce program material. This tech-
nique provides econcmic advantages while adhering to
a minimum “power margin' for the faithful reproduction
of program material, even at high peak listening levels.

The information presented in this Note covers the
requirements of nearly all home listening environments
and defines the minimum '‘power margin'’ for power
amplifiers, as well as the minimum performance objec-
tives for nearly all listeners. Component-type amplifier
systems, which are sometimes used in conjunction with
a;'ousti(: suspension speaker systems, may require an
increase in the minimom power margin to accommodate
reduced efficiencies, especially in the bass region.
This increase, however, is probably less than 3 dB.
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Fig.4 - Moximum effective series resistance
as o function of music power.

APPENDIX A

|deal Power Dissipation (Regulated Supply)

Typical complementary-symmetry circuits are shown
in Fig.5. Under no-signal conditions, the capacitor C
is charged to a voltuge equal to E /2 at the clipping

lavel, The maximum peak lead current I

pkimax} 18
given by

1 “E /2R, (AL)

phkimax)

Because the supply delivers current on alternate half-
cycles, the average supply current IS is given by

I.=1./7 (A2)

The power delivered by the supply Pg can then be ex-
pressed as {ollows:

= It
g (kaES)/W (A3
The power delivered to the load, P.Q., is given by
- 2 .
P.O. = (I “ R )72 (A4)

The dissipation P for each transistor is equal to half
the difference between the supply power delivered Pg
and the power dissipated in the load, P.O., as follows:

P_ - (Pe- P.0)/2

bl
]pkES [pk RI,.
= - T AS
P . P {A3)

If Eq. (A3) is differentiated and solved for the peak load
current 1 e at maximum average transistor dissipatien,
the following expression is obtained:

1, = Bg/(7Ry) (AB)

When this value is substituted in Eq. (A3}, the ratio
of maximum average transistor dissipation PC(mux) to
power delivered to the lpad at full power output P.Q.
{max} can be expressed as follows:

P .(max) _ i
— 5 (A7)
P.0.(max) -
o
oI Lz
N
ﬁ ) ! '{ ) =
‘ N ‘ ]
=, i SR
/I; e : T
i i Ll
TAER _L TRIYE |
— = L = o

Fig.5 - Typical complementary-symmetry circuits,
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Eq. (A7) indicates that maximum transistor
tion is approximately 20 per cent of fy)3 powe
At the point of maximum dissipation, the pow
is given by

dissipa-
T outpat.
er output

E 2
P.O.(max diss) = ————0u

2
2Ry (AB)

The ratio of the power output at maximum dissipation
P.O. (max diss) to maximum power Sutput P.O, (max) is
then given by '

P.O.{max diss) 4

P.0.(max) 2 (A9

Non-Regulated Supply

Fig.6 shows a typical regulation cyrye fora rectifier
power supply that has a capacitive input filter. The
voltage is a linear function of the Average supply cur-
rent over most of the useful runge of he supply. )
ever, a rapid change in slope occurs g the regions of
both very small and very large Curtents, In class B
amplifiers, the no-signal supply currens normally occurs
beyond the low-curtent knee, and the current :equi-red
for the amplifier at the clipping love] occurs before the
high-current knee. The slope betweey these points is
nearly linear and may be used as ap approximatior; of
the equivzlent series resistance of the supply.

How-

OPEN- CIRCUIT VOLTAGE
HO- SIGNAL VOLTAGE Eg

NO-SIGNAL T4,
d B
CURRENT ~ ¢ c"'p?ﬁgﬂsﬁ"ﬂ

Fig.6 - Typicol requlation curve for a rectifier power
supply with o coparitive input filter.

Figs.7 and 8 show equivalent Circuits for capaci-
tive-input reclifier supplies. In these circuits, I, is
the average supply current, RS is the equivalen’t Sdecries
resistance of the power supply, E

i “, 1% the no-signal
supply voltage, and E; is the steady.sigie supply volt-
age. The steady-state voltage Eq is related to the 0=

signal voltage E_ as follows:

Eg = E -Rgl, (A10)

23|Vﬁ_ﬁf““ | Ao
IR |

Fig.7 - Equivalent circuits for a single-anded capocitive.
fnput rectifier power supply.

If this velue is substituted for {he sUu i
supply voltage E_ in
Eq. (A3}, Eq. {AS) can be rewritten as follows: s

2
By Ryl LR,
P I — - -
cT o, 2 p {(A1D)

The partial derivative of thig equation with respect
to Iy is set equal to zero, tested for 5 maximum value
and solved for 1 & This value of I is then used i];
Eq, (Al1} to determine the maximun?lktransismr dissi-
pation Pc(max), as follows;

2P E, I 2Ry + P R
] ) (AlZ)
dlpk 2+ 272
E i
o
L s ——— (A13)
2
ZRS + 7 R
E 2
a
Poimax) © ————u

Al4
BRST4?72RL ( )

Clipping begins al the poiast where the peak collectot
current ka is given by

JEs s
H = 3

Fig.8 - Equivalent circuits for o split copacitive-input
rectifier power supply.
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Power output at clipping can.lhen be expressed as
follows:

P.0f{eclipping) = ———————
AR, +27R ) (Al6)

If R, = 0 is substituted in Eq. (A16), the music power
may be shown to be equal to EDZ/BRL. The ratio of
clipping power to music power output is given by

P.0.(clipping) R RS2 -1

-1+ +

P.0O{music) Ry 4572 RLE (Al7)

Maximum transistor dissipation occurs af the peak-
current level given in Eq. (A13). The power output at
maximum dissipation is given by

E?+?R
a L
P.O.{max diss) 7

202Rg 4 TR Y (Al8)

The ratic of power output at maximum dissipation to
music power can then be expressed as follows:

. 2 2 -1
P.O.(max diss) ~ g . RS N RS
P.O.(music) 4 R iR ?
(A1)

APPENDIX B

Class B Amplifier (Circuit Description)

The amplifier shown in Fig.3 is, for all practical
purposes, a true class B amplifier. Therc are no emit-
ter resistors in the output stage and the bases of the
output {ransistors ure tied together. If there were no de
feedback current through the voltage-divider network
(i.e,, the resistors from the emitters of the cutpul tran-
sistors to the base of the pre-driver transistar and then
to ground) used to establish the center voltage af the
output stage, both cutput transistors would be cut off
or reverse-biased. However, because of the dc feed-
back the upper transistor in the output slage turns on at
a current level determined by the voltage-divider net-
work, In the amplilier of Fig.3, this current is at lcast
one order of magnitude less than the idle current norm-
ally used in the ocutput stage to reduce crossover dis-
tortion. When the upper transistor is “on’’, the boltom
transistor is reverse-biesed by the amouni of the for-

ward base-to-emitter voltage of the upper transistor re-
quired to supply the dc [eedback current. The dissipa-
tion in lhe upper transistor resulting from the de feed-
back current is negligible and is reduced further as a
result of the igverse propartion that exisls between de
feedback current and temperature; dc feedhack current
decreases with reductions in base-to-emitter voltage in
the transistors in the driver and pre-driver stuges as
transistor temperatures in those stages increase. The
fact that the no-signai current in the upper transistor is
negligible and the bottom trunsistor is reverse-biased
further demenstrates that the circuit shown in Fig.3
acts as a true class B amplifier.

Some advantages derived [rom the class B mode of
amplifier operation and from the complementary-sym-
metry amplifier design shown in FFig.3 in particular are
as follows:

1. There is no dissipation in the output stuge under
zere-signal conditions, for the reasons discussed
above.

2. Hum and noise ot the output are reduced. The
bottom half of the cutpul stige is normally re-
vetse-biased or ““off’” and is not turned on hy
hum and noise. Only that hum and noise ampli-
fied by the top transistor appears at the output.

3. The tolal harmonic distortion is low as a direct
result of the large amounts of feedback necessary
fa reduce the crossover distortion, An additional
gain stage ig required by (his amplifier because
of this feedback. The output-stage bias diode
and emitter resistors are no longer necessary with
the added gain stage and feedback. The cross-
over distortion iz always larger in class B than in
cless AB amplificrs; however, the class B ampli-
fier canbe designed with ap acceptable intermodu-
lation (IM) distortion level. (Crossover distortion
appears au IM distortion.)

4, Thete is no storage effect in the output transis-
tors, This feature is an advantage of all true
complementary-symmetry amplifiers: when one of

the output transistors turns ‘‘on’

it automatically
reverse-hiases the other and thus pulls the stored
charge out of Ihe base region of the “‘off” trun-

sistor,

5. A lower power-supply voltage is requited as a re-
sult of the ebsence of emitter resistors in the output
stage. There are no voltage drops between the
power supply and the speaker except those in the
transistor; therefore, the power-supply voltage
can be reduced by Q(REI ), where R, is emitter
resistance and ka is peaﬁ collector current.

In summaty, the many advantages of the amplificr
circuit of Fig.3 overshadow the presence of a very
slight but acceptable crossover distortion. Furthermore,
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the cost of the extra transistor stage, the pre-driver
stage, is partially offset by the elimination of hias
diodes and emitter resistors.

APPENDIX C

Moximum Altowable Effective Series Resistance and
Music.Power Qutput

During sustained passages of a high average sound-
pressute level of the order of 10 dB above the normal
listening level, the power-supply voltage shoeld not col-
lipse below the point at which the amplifier with its
speaker system can deliver a peak sound-pressure level
of 100 dB.” This point corresponds to a stereo power
output of 20 watts per chapnel. The normal sound-pres-
sure level is 77 dB, which corresponds to an amplifier
power output of 0.1 watt per channel. The sustained
high average sound-pressure level is, then, 87 dB,
which corresponds to an amplifier pawer output of 1,0
watt per channel.  Both of these power outputs are
based on a speaker efficiency of 1 per cent and a room
volume of 3,000 cubic feet.” To determine the relation -
ship between maximum aflowable effective series resis-
1ance, Rs, and music-power output, P.Q. {music), only
the load tesistance R, or spraker impedance need be
known. It was determined above that the de power-sup-
ply voltage E(min) must be large enoegh for the ampli-
fier to deliver 20 watts per channel for a short time
when it is delivering an average of 1 walt per channel,
Fig.9 shows a power-supply regulation curve. The
power-supply voltuge at zero signul is Iin; the power-
supply veliage is ES(mm) when the amplifier is deliver-
ing 1 watt per channel or 2 watts total. The zerg-signal
current 1 and the difference berween I, and the steady-
state current drain at a total power cuiput of 2 watts is
I. Forthis discussion, R, is & ohms.

The rms current I"'15 in the load resistance RL at a
total output P of 2 watts is given by

IRMS = = 0.3 ampere (C1)

At this curent level the difference T between the
zero-signal current I, and the steady-state current drain
at a total power autput of 2 watts is given by

o leus \/ 2
1= T = 0.225 ampere i
The power-supply voltage at zero signal, EO, can be
determined from the following equation:

E =E 1R (€3

o S({min} : s

where ES(min) is the power-supply voltage al a totg)
powet output of 2 warts and RS is the maximum allgy.
able effective series resistance,

The music-power output P.O.{music) is

E 2
P.O.(music) = - (C4)

SRL

Combination of Fqgs. (C3) and (C4} results in the follaw-
ing relation:

T 2
[F‘S(mm) + IRs]
P.O.(music) - ———— = (C5)

8R

The solution of Eq. {C3) for RS is as follows:

-J SRL PO musicy ES(min)
R, = - (Ch)
I
For a load resistance of § ohms, RL is given by
———— ES(mm)
Ry f——.‘/ P.Qdmusic) - ———— «n
i T

The required ESimin) tor & music-power output of 20
watts per channel is

B (miny” N 20(8R_ )
= 35.8 volts (€8)

Substitution of T and E; then provides the following ex-
pression for RS:

Ry ~ 35.6 /P.O.(music) - 59 (C9)

Eop——
EsiMING | -1 T

Fig.% - A power-supply regulation curve.
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