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AZSTRACY

This parer presents the author's suggestions for
reducing higl frequency non-linear distortion below the
levels achieved in present commercial audio power amplifiers.
The commercinal amplifiers fail to maintain sufficient
negative feecdback at the higher working frequencies.
Transfer functions are proposed which maintain high negative
feedback over the entire range of working frequencies,
thus keeping distortion products below a desired design
level. The performance of a prototype amplifier using the
proposed transfer functions is documented and compared
with high quality commercial units. The high frequency
non-linear di.stortion of the prétotype amplifier is less
than that of the best commercial amplifiers.

In the c¢ircuits presented in this paper, an attempt
has been made to utilize piesent silicon transistors to
their best advantage. Current mode operation, that is
current sources driving'lbw impedances, is used wherever
possible. Th:.s technique results in good high frequency
response, low non-linear distortion, and good thermal
stability. The circuits presented, when made to realize
the transfer functions proposed, result in an ultra-high

quality amplifier.
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PART I

TRANSFER FUNCTIONS FOR ULTRA-HIGH QUALITY
FEEDBACK AMPLIFIERS

I. Introduction

Presented in this paper are suggestions for improviéeing the quality of
commercially available audio-power amplifiers. The present high quality
commercial amplifiers all exhibit relatively greater non-linear distortion
at the high working frequencies than at the low frequencies. This distor-
tion is audible to a trained ear. The problem is caused mainly by decreasing
negative feedback at the high frequencies.

After an 2xamination of basic feedback system concepts, the system used
in present commercial practice is analyzed. Next, the relationship between
distortion measurements and the results of the analysis will be presented.
At this point a system is proposed which will maintain a large amount of ne-
gative feedbacl: over the entire range‘of working frequencies. Lastly, the

.test results from an amplifier built from the improved system concept are
given. The results illustrate that low distortion is maintained in the

prototype amplifier over the full working frequency range.
II. Feedback System Concepts

To design an amplifier with a well defined behavior, it is necessary to
examine some of the basic concepts of feedback systems. Consider the general

system in Fig. 1.
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Fig. 1. The general feedback system.

X(s) is the Laplace transform of the signal to be amplified.

'Xd(s) is the ecuivalent signal of the noise and distortion generated within

the amplifier referred to the output. This is a useful representation because

most of the non-linear distortion is generated in the output stage of a prac-

tical amplifier. The transfer functions of the closed loop system are

Y(s) A(s)
H(s) = =

X(s) 1+ A(S%B(S)

Y(s) 1

H(s)= =
d Xq(s) 1+ A(syB(s)

Without feedback the distortion and noise signal X3(s) appears at the output

of the system. The relative proportion of X3(s) to X(s) A(s), which is the

desired output, increases with the output signal level for the types of non-

linearities found in actual amplifiers. WitlL the additfon of negative feel-

back, the signal Xd(s) is attenuated by the factor 1 + A(syg(s), at the out-

put for the same output signal level. The gain of the system is also

reduced by the factor 1 + A(S%B(S). The quantity 1 + A(syg(s) is called the



return difference. The necessary and sufficient criterion for an ultra-

high quality feedback amplifier is that the return difference have a large
constant magn’tude over the working frequency range of the amplifier. This
will enable the designer to reduce noise and distortion products to a desired

minimum level. [4 . 5]
III. The Dominant Pole System

As simple as this result is, it is not often followed in common engi~
neeriﬁg practice. The following example will illustrate this. Figure 2
illustrates the Bode magnitude plot of the transfer function A(s) for a large
group.of amplifiers. To ensure closed loop stability, a single pole at €,
is made to dominate the high frequency respoase by one of the many techniques
availabie. The remaining poles are constrained fo lie at frequencies above
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Fig. 2. The transfer function A(s).

the magnitude crossover; i.e., at frequencies aboveCUE. To accomplish this
with a minimur -of amplifier stages requires thattxé be well within the ra.ge
of operating frequencies. For an audio amplifier, which operates from 20 Hz

to 20 kHz, f, = W,/2Tis often near 1 kHz.
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Let us now look at the closed loop system with

K
A(s) =

1+ s/cqz

This is a good practical choice of transfer function because it yields simple
analytical results which are easy to interpret, and it is a good representa-
tion of the forward gain of many commercial amplifiers with the stability
compensating elements included. The system is redrawn in Fig. 3 with the
Bode magnitude plot of the important transfer functions. F(s) is the in-
verée of the re¢turn difference. It is evident that the return difference
1+ A(S»B(S) = 1/F(s) decreases in magnitude above w, at 20 dB/decade until
it reaches 0 dI. Thus the benefits gained from negative feedback, which are
directly proportional to the return differencé, decrease above(Lk. It should
be noted that ¢V, is often within the working frequency range of commercial
amplifiers. Tle constant value of/6 = 1/B assumed here is reasonable since
the/B network in usually a resistive divider. The closed loop transfer

function can be approximated by

B

K
for B >l
1 + S/EW2

. H(S) =

The wide bandwidth of commercial amplifiers is accounted for by the K/B co-

efficient of w;.

IV. The Relation of Harmonic and Intermodulation
istortion Measurements to Return Difference

As shown in Section II on feedback system concepts, the distortion pro-

ducts Xd(s)'are attenuated by the return difference 1 + A(syg(s). Xd(s) is
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| Fig. 3. The dominant pole system.



the signal composed of the noise and the non-linear distortion products
generated in the output stage. A quantitative analysis of the components
of Xd(s) may be had by representing the static non-linearities of the

amplifier bya Taylor series of the form

2
y(t) = Ax(t) + Bx (t) + Cx3(t)

The third order approximation is usually of sufficient accuracy to describe
real amplifiers.

Sinusoidal waveforms are convenient for testing amplifiers. If the
input x(t) = Yl cos (Yt + V2cosCL£ t is used, the output y(t) will containa
the amplified input signal plus the distortion products shown in Table 1.
Xa(s) is the Laplace transform of the distortion products given in Table .
For the electronic components used in amplifiers the coefficients A,B, anl C
in the Taylor scries may be considered constants with negligible error ove:-
the range of audio frequencies. Thus for 5 given signal level the magnitude
of the distortion signal generated is independent of frequency. For a given
signal level variations in magnitude of the return difference with frequerncy
will cause variations in magnitude of the'distortion products at the outptt
since they are attenuated by the return difference.

In the dominant pole system of Section III, the return difference de-
creases above(&%. Due to the decreasing return difference above w, the per-
cent harmonic and intermodulation distortion measured for this system shouvld
increase abpve(;k. This is the case in commercial amplifiers in most of
whichtﬁh is in the working range of frequencies. Harmonic distortion data

for two representative commercial amplifiers is listed in Table 2. An amplifier



designed with a constant return difference over the working frequency range
should exhibit uniformly low distortion products. This would be an improve-

ment over present commercial practice. ) - . e
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Table 1. The components of y(t) for
x(t) = V1 cos w,t + V2 cos &, t.
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Table 2. Harmonic distortion data for
two commercial amplifiers. [6,7]



V. The Constant Return Difference System

A different approach to the design of the feedback amplifier,developed
by the author,will now be presented. It will result in a large return dif-
ference that is constant with frequency over the working frequency range of
the amplifier. Consider the system building block in Fig. 4. Note that%ﬁ(s)
is altered. Some points must be made regarding this system. The break fre-
quency (U, must be comfortably above the working frequency range of the system.
For audio work with an upper band limit of 20 kHz, 80 kHz was chosen for f2‘
Not obvious, perhaps, is the result that the closed loop frequency response
is determined by the zero in thefB network. Actually the closed loop re-
sponse can be approximated by

1 B K

= for—)p 1

/S(S) 1+ s/w, B

H(s) =

To build a practical amplifier with a constant return difference over the
working range of frequencies some further development of the technique is
required. |

VI. The Cascade of Constant

Return Difference Blocks

The constant return difference is gained at some expense. In an actual

amplifier there are additional poles above W, in the forward response. Tie
additional phase shift contributed by these poles will cause the amplifie:
to be unstable when the feedback loop is closed unless relatively small
values of K are used. To obtain a large return difference K must be large

so several of these building blocks must be cascaded. The format is shown in

Fig. 5.
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Fig. 4. The constant return difference system.
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Fiz. 5. The constant return difference cascade.

The transfer function from each point P, to the output is of the forn

i

¥(s) _ K1 Bt

W, (s) 1+s/w,

before the loop to the left of it is closed. Thus the analysis in Part V
holds for each loop that is closed proceeding to the left. The overall re-

turn difference may be obtained as follows. A distortion signal Xd(s) is

introduced at the output as is the basic feedback system. To solve for tle

system transfer functions we obtain

= - Y - -
Y A1A2A3X + Xd AlAzAzﬁ3 A2A3ﬁ5Y A3ﬁlY

The argument (s) has been omitted for simplicity. After some algebraic

manipulation the resulting transfer functions are found to be
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Y(s) AAA
123
H(s) = =

X(s 1+AAA + AA +A
©) 12 BF% 1 Zﬁé lﬁl

Y(s) 1 ‘
e e

X.(s) 1+AAARB +AARg +A

d 123’93 1 afs 1‘81

The overall return difference is the denominator of the two equations above.
Usually Ki + lBi/Bi + 1>>l.in which case the return difference may be ap-
proximated by K1K2K3/B3.

The reader may note the same approximate return difference would be
obtained without the two inner feedback loops. The two inner loops are
needed in a real amplifier to achieve close& loop stability. 1In the actuzl
amplifier there are additional poles in the forward gain blocks above ).

If we consider the basic feedback system of Fig. 4 with the new forward gein

K
A(s) =

(1 + s/wy)(1 + s/wH)
1

Bs) = —Q1 + s/w,)
B

Then K 1 1
H(s) =

1+K)1+ s/wz)(l + s/(1 +K) w’)
B B

Where 141 + s/u%)represents an additional pole in the forward gain of an

actual amplifier. On closing the feedback loop the pole at «, is moved to

the higher frequency (1 + K)wj,. Since K/B7”1 in these designs, the additional
B

poles sbove W, in each inner loop are moved far enough up in frequency so as
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not to affect the closed loop stability of the next outer loop. Without

the innerf feedback loops the additional poles above @, in the blocks A1 and A2
would cause instability when the outer loop is closed.

Therefore, with Kj = K, = 100, K4 = 10,000, B; = B, = 1, and B3 = 100 an over-
all return difference of 1OP independent of frequency over the working

range can be obtained while maintaining closed loop stability, The resulting

amplifier using this feedback configuration should exhibit a constant value
of harmonic or intermodulation distortion below the design limit for any fre-
quency(s) in the operating frequency range of the amplifier._

An additional feature of the constant return difference building blocks
is concerned with the dynamic range of an a:ztual amplifier. As shown pre-
viously, the inverse of the return difference is the transfer function from
the input X(s) to the drive signal of the anplifier W(s). In the dominant
pole system, which is characteristic of most commercial amplifiers, the mig-
nitude of W(s) (see Fig. 3) is greater at the high frequencies than at the low
frequencies. The dynamic range of the input stages is that required to en-
sure linear signal swings at the high freque¢ncies. To obtain wide dynamic
range it is necessary that large values of cuiescent current or voltage be
used. This requirement is contrary to the one that low quiescent levels be
used for a good noise figure in the input stage. With the constant return
difference scheme F(s) = W(s)/X(s) (see Fig. 4) is very small and constant
with frequency in the operating frequency renge. The input stages of this
type of ampliilier operate with very small signal swings. Adequate dynam: ¢
range may be provided with small quiecent levels and a better noise figure

results than in the dominant pole system. A time domain analysis of the
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response to a step input yields the same constraints for the dynamic range
of the input stages as the preceeding frequency domain analysis for the two

systems. [l,f
VII. The Prototype Amplifier

A prototype amplifier has been built using constant return difference

techniques. Tae block diagram of the amplifier is shown in Fig. 6.

<

k<5000 F=100 . F<100
X)X —i 4, ~ Imte [ £, vonkeH () 4 730k V(=)
l¥;11L2ﬁ4*kk - j%::ADOHfh: - .fL<:/¢4Hk
B=50D B</0
£, = Bokhz £ = Okt
I 1

Fig 6. Block diagram of the prototyﬁé amplifier.

The values of }l and the break frequencies £, =W, /21T corresponding to the
transfer funct:ons in Fig. 5 are shown. The reader will note a variation in
the output stage in that unity feedback is used. This is due to the emitter
follower outpul. stage. Nevertheless, this is a constant return difference
scheme, A partial schematic diagram of the amplifier is given in Fig. 7.

The power supply and dissipation limiting circuitry for the output transistors

have been omitted for clarity.
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Fig. 7. Schematic diagram of the prototype amplifier.

The measured distortion products of the prototype amplifier are listed in
Table 3,

The measured values of distortion for the prototype amplifier verify
that low values of distortion over the entire working frequency range may

be obtained using constant return difference techniques.



- 15 -

FREQUENCY 20 200 i o0k H%
%70 ) 0TOTYPE
TOTAL o 0¥ 0f 0% ,ffpumez
HARmOwIC
DISTORTION 20 WATTE Rm S

w0 ¥ ONMm S

2, 0.i0 FOR 500HY pwb lpkHer MIXED 1)

TOTAL 6,06 5004 #00 Hz /7]
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PISTORTION TEST, THE LOAD JMPEDAwvCE 1< B GHMS,

Table 3. Measured distortion products
of the prototype amplifier.

VIII. Conclusion

The shortcomings of present commercial amplifier design in the area of
high frequency non-linear distortion have bz2en exposed. A theoretical analy-
sis of the dominant pole feedback system, waich comprises these amplifiers,
has been presented. The constant return difference feedback technique was
developed which results in uniform distortion reduction over the entire
working range of frequencies. Lastly, a prototype amplifier was built.
Distortion measurements of this amplifier verified the constant return dif-

ference analysis.
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The author feels that the information in this paper demonstrates the
need for more complete documentation of amplifier performance by manufac:urers,
Specifically, a graph of total harmonic distortion vs. frequency from 20 iz to
20 kHz at full power output shailld be. provided. Crown and Audio Research .re
two of the manufacturers who do this. Many manufacturers simply publish
the total harmonic distortion at full power output at the mid-frequencies.
Intermodulation tests are more stringent than harmonic distortion tests. 1In
addition to the standafd intermodulation test using 60 and 7000 Hz mixed
4:1, a high frequency intermodulation test, say 10 and 11 kH, mixed 1:1
would be very revealing of amplifier quality. These tests should be mad: ét
power levels from milliwatts to full power output, and graphs of total inter-
modulation distortion vs. power output published. The more reputable maiu-
facturers already provide most of this data. The table of data for the |
prototype amplifier lists some of these measurements. This concludes th2

author' s recoumendations for amplifier testing.



PART II

CIRCUIT DESIGNS FOR ULTRA-HIGH QUALITY
FEEDBACK AMPLIFIERS

I. Introduction

An ultra-high quality amplifier rust surpass high
quality commercial amplifiers in performance. The improved
distortion characteristics of the pro:totype amplifier were
discussed in Part I. The circuits described in this section
were designed to equal or surpass present commercial practice
in the following areas: 1. non-linear distortion reduction,
2. noise reduction, 3. power conversion efficiency, 4.
power supply ripple rejection, 5. thermal stability, and
6. economy of design. General design :onsiderations in the
above areaé are presented first. A detailed treatment of the
output, driver, and input stages follows. Experimental results
are then presented which document the superior performance of

the prototype amplifier.
II. Economics

Before discussing the actual circuitry, it will be
expedient to look at some general design concepts which have
been adopted during the project. The coal was to design an

economical audio power amplifier with lower distortion products

-17-



-18-

than is présently available commercially. This can best be
achieved by using silicon technology. The output transistors
Ql.and Q2 cost $2.55 for the pair. The remaining transistors
used in the amplifier cost 56¢ each. 5% tolerance carbon
composition resistors are used exclusively. Capacitors of small
value are polystyrene, and the two electrolytics are tantalum.
The capacitors must be of this high quality to ensure realization
of the benefits of the circuit design. A simple capacitor filter
power supply is required. The components listed above are
equivalent to those found in present commercial units of high
quality. The manufacturing steps are similar, and the labor
required is the same. High reliability and repeatability are
easily obtained. Therefore, this design is economically

competitive with present comercial designs.
III. Non-linear Distortion Reduction

It is desirable to redﬁce the inherent non-linear
distortion of each amplifier stage before the application
of negative feedback. The first step in the design is the use
of the push-pull configuration for the entire amplifier. This
is feasible and desirable because of the availability of
inexpensive high quaiity complementary silicon transistors.
The entire amplifier is a complementary-symmetry design. The
pullout on page 34 is the compléte schematic of the amplifier
(Fig.13). The push-pull configuration results in non-linear

distortion reduction of about 5 to 1 for the large signal
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driver and ouiput stages. Another advantage of the completely
push-pull des:gn is that active drive is present on both
positive and negative signal swings. There are no passive
collector load impedances. This improves the high frequency
response of the various stages and makes feedback stability
compensation easier. Active drive also speeds up recovery

time if the anplifier is driven into saturation. Other benefits
are probably present of which the author is not yet fully
aware.

The next step in non-linear distortion reduction is to
eliminate the input junction non-linear voltage-current
characteristic. This is easily accomplished by driving each
input junction from a current source such as the collector
of the preced:ng stage. This configuration is used -
throughout the amplifier. Under certain conditions this is
not possible cue mainly to thermal stability considerations.
In these cases a silicon diode is placed in parallel with the
input junctior, and the parallel combination is driven by a
current source:. The current flowing into the parallel
combination will divide proportionally between the two
junctions over a wide range of current levels because the two
voltage-currert characteristics track each other. The ratio
of the curren: division is determined by doping levels, device
geometry, and operating point. Nevertheless, this configuration
minimizes the effect of input junction non-linearity as

opposed to driving the junction from a voltage source.
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The remaining significant distortion mechanism is the
Ig non-linearity of the transistors. The ,8 of the output
transistors 0Ol and Q2 decreases by more than 4 to 1 as the
2.25 ampere peak output current is approached. Thelﬁ variation
of the remaining transistors is not more than 2 to 1. The
current gain vs. collector current is included in the device
data sheets in the appendix. With the circuit designs used to
minimize input junction non-linearities, the B non-linearities
become the dominant distortion mechanism in the amplifier. The
other non-linear effects associated with the transistors, such
as junction capacitance variation with voltage, are also less
significant than the/B variations. The negative feedback ;s
used to reduce the remaining non-linear distortion to an
acceptablé level. An acceptable level is less than .1%
harmonic or intermodulation distortion at any frequency

between 20Hz and 20kHz at any power level.
IV. Power Supply Ripple Rejection

High power supply ripple rejection is desirable from an
economic viewpoint. With high ripple :ejection a simple
capacitive filter power supply may be used. This eliminates the
need for two expensive high current f.lter chokes. High ripple
rejection also eliminates the need for a regulated power supp.y
to maintain constant quiescent operating points. Another
benefit is that signal voltages produced across Ppower

supply impedances will not couple back into the amplifier
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signai paths. This permits one power supply to be uéed in a
two channel system without adjacent channel crosstalk through
the power supply.

The circuit design to achieve high power supply ripple
rejection is consistent with that used to minimize non-linear
distortion. The requirement is that only current scurces
transfer signals between circuits referenced to ground and
circuits referenced to a power supply potential. Thus, the
collector junction current sources, which minimize input
junction non-linearities, also provide high power supply ripple

rejection and enhance the economy of the design.
V. Thermal Design |

The power dissipation of each stage and the heat sinking
required will be discussed in later sections. However, a
problem of gereral interest is thermal stability with silicon
transistors. (ircuit failures during early work on the project
indicated that an in depth thermal stability analysis was
required. [5] The model used for the analysis is shown in
Fig. 8. ' ,@(IB"IC 80) *Leao

MA——O 1||; ‘
I A ks 8
B Vge
Vea ==
BB ~—— 9
i Sk

AT,

Fig. 8. The model for thermal stability analysis.
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This model was chosen so that the effects of I and

cao’ Vg’
/6 variations on the collector current could be analyzed. The

stability fa~tors calculated from the model are:

. 3Le _ BN Retlr)
lso  2Tceo ,?8+6g+/j Ry

S < __Lb c_ = —,&
Yee  Dihe  Ra+(B+1)Re

S, < oL . (VA&"VBe"f‘pt»Icao)(FG*fe)
P o8 | (Rat @B+ 1) Re)®

The use of stability factors in thermal design proceeds as

follows. An incremental increase in temperature is assumed.
The change in collector current due to the change in a given parameter
is obtained from the stability factor. The power dissipation from
the new collector current is calculat-d. The temperature change
accompanyihg the new power dissipation is determined. If the
temperature change calculated is less than that assumed
originally, then thermal runaway cannct occur. This approach
forms the basis of the following discussion.

Most conventional transistor amplifier biasing circuits

were developed for germanium transistcrs in which I the

c8o'
collecﬁor—base leakage current, was tle dominant cause of
thermal runaway. After consulting the data sheets in the
appendix, it becomes obvious that for temperatures below 100°C
I.go for the transistors used is negligable. Changes of Vge With
temperature form the major contribution to thermal instability

with silicon transistors.‘A.V’aE is approximately 200 mvolts

for a AT of 100°C. For small R, and large R., which minimizes



-23-

SIceo’ S\@e becomes large. Since the effect of Icso is
negligable, a current source drive (Rg+xﬁ will essentially
eliminate collector current variations due to Vge changes.

Rg =0 since i: has no effect on thermal stability with current
source drive. In addition to improving linearity and power
‘'supply ripple rejection, current drive also enhances thermal
stability.

The differential amplifiers used in the input stage are
thermally stable for a different reason. Here Ry is a relatively
low resistance and R, is very large. However, the collector
current is held constant within 2% for a AT of 100°C. This is
so because the voltage drop across the emitter resistor, which
is 2I  R., is equal to 10 volts + AV, , where AV,, is 200 mvolts
for AT = 100°C.

The circuit configuration of the'diode in parallel with
the input junction of a transistor is very temperature stable.
Besides the tracking of the voltage-current characteristic, the
temperature dependence of this characteristic is similar if
both junction:; are silicon. Furthermore, thermal feedback
may be used to improve thermal stability. The diode may be
connected to the heat sink of a followingstage. If the temperature
of the stage 1ises, the diode current increases for a given Vgg
so that curreant is diverted from the transistor input into the
biasing diode. This technique is used in the output stage.

In the. differential amplifiers changes in;B do not appear

as changes in the collector current
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because the collector current is set by the voltage drop across
Re. ( The base bias current changes. ) However, in the other two
cases driven by current sources, chanages in/B cause changes in .
collector current. For the silicon transistors usedle varies

2 to 1 for AT = 100°cC. Doubling B would result in doubling the
quiescent power dissipation in the circuits used. Doubling the
power dissipation produces far less than a .change of 100°C in
the junction temperature of the transistor with the cooling
provided. Thus, thermal runaway cannot occur. This concludes

the discussion of general design features. The actual circuitry

of the prototype amplifier will now be described.
VI. The Output Stage

The output stage is shown in Fig. 9.

—0 +1T UV

-0 -tV

Fig. 9. The output stage.
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The current sources represent the output of the driver stage.
Current source drive is used for Q1 and Q2 for the reasons
previously discussed. Likewise, a current source drives Q3 and Q4
which are shunt=d by diodes D1 and D2. NP1 and D2 are mounted
on the output transistor heat sink to increase thermal
stability. Unity voltage feedback is applied to the emitters
of 03 and Q4. This is the unity feedback loop in the block
diagram of the amplifier in Part I. As indicated in the data
sheets, the high frequency rolloff of Q1 and Q2 is 30 kHz and
that of Q3 and Q4 is 1 MHz. The 30 kHz break point was verified
experimentally. The -3 dB point with the feedback loop closed
is 3 MHz indicating a return difference of about 100.

The unity :Ifeedback output stage is required as a buffer.
The amplifier should exhibit low distortion and closed loop
stability for any passive load impedance greater than or equal
to 8 ohms. It h;thereforenecessar§ thaf the voltage gain
and frequency response of the output stage not vary with load
impedance. With an 8 ohm load the input impedance at the bases
of Q3 and Q4 is about 10 kohms. This input impedance is shunted
by the 1 kohm lnad resistor for the driver stage. Thus, the
driver sees a fairly constant resistive load impedance rgardless
of the load on the amplifier. This, along with the unity
feedback, does :.ndeed keep the voltage gain and frequency
response of the output and driver stages essentially constant
with varying load.

The output and driver stages are operated class AB as

a compromise between high power conversion efficiency and
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low non-linear distortion. The quiescent collector current

of the output transistors Q1 and Q2 is 300 ma. The full load
peak collector current is 2.25 amps. This is a relatively high
output quiescent current, but, in conjunction with the input
biasing diodes D1 and D2, it completely eliminates crossover
distortion.

The = heat sink selected for Ql and Q2 has a thermal
resistance of 4°C/W. The transistor must be able to dissipate
10 watts in an ambient temperature of 1(0°C. From the power
derating curve in the data sheets, the case temperature must
not exceed 150°cC. Therefore, the heat sink thermal resistance
must be

O, & 150°c - 100°c = 5%/wW
' 10 W

Furthermore,'when operating with an 8 ohm or greater load
impedahce, the signal levels lie complefely within the safe
operating area specified in the data sheets. The remaining
transistors in the amplifier do not require external heat sinks
and are all operated within their safe limits.

Protection is not provided for loaés less than 8 ohms.
At this point in the project,work has not been done on output
transistor dissipation limiting circuitry. This circuitry is
required to protect the output transistors from overheating
when low impedance loads or short circuits are applied to the
amplifier. Output dissipation limiting circuitry is used
in all high quality commercial power amplifiers. The developement

of this circuitry is a subject for future work.
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VII. The Driver Stage

.The driver stage is shown in Fig. 10.

Vour

I 250k
I0KE == 2005F |

o +I8V

P

Q" I
D3 e Di
Iiw .
= DA
D4 L
0% _
, o
) I{w

|50k

0 -/%V
Fig. 10. The driver stage.

The current Iin is supplied by the input stage. Current

source drive is used for Q5 and Q6 for the reasons presented
earlier. Q7 and Q8 are common base amplifiers. This configuration
has many advantages. The quiescent operating points of the

class AB driver and output stages are set by the current

supplied through the 150 kohm resistors. Thus, the input stages
supply only signal drive, not bias current. This provides a

margin of thermal stabilty not often found in direct coupled
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amplifiers. Diodes D3 and D4, in addition to providing the
benefits mentioned previously, provide a low impedance point
for the bases. of the common base amplifiers. The low input
impedance of Q7 and Q8 facilitates the application of current
shunt feedback from the output of the amplifier.

The high frequency rolloff of Q5 and Q6 with the 1 kohm
load resistor is 60 kHz. That of the common base amplifiers
is 100 MHz ( from the data sheet ). This rolloff at 60 kHz
is near enough to the desired 80 kHz rolloff called for in
Part I. A zero at 80 kHz is provided in the feedback
network by the 10 kohm resistor and the 200 pf capacitor.

This circuit realizes the driver section of the block
diagram of the protoype amplifier in Part I.

The buffering capabilty of the output stage was verified
in the lab. With the driver feedback loop open, the high
frequency rolloff is at 60 kHz with an 8 ohm resistive load.
On removing the load the break frequency moved to 40 kHz and
the gain increased by 30%. This change in gain and pole
location is well tolerated when the feedback loop is closed.
The closed loop response of the driver and ouput stages rolls
off at 80 kHz with a negligible shift in pole location and
gain from no locad to full load. Another advantage of the
circuit configuration of the driver and output stages is
that the output signal may swing linearly to within 1 volt
of the power supply potentials. This enhances the power

conversion efficiency of the design.
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VIII. The Input Stage

To complete the design the input stage must be added.

It is shown in Fig. 11. _ QQ,PF
-
i\
4‘VV\' VOUT
100K
o +18V

/5‘;4,F T
2.2k ? | | |
1’ o
QIS | QI3 — Quaa——" :
» J_ I _ Lout
Qe | @ T~ 60
%z.u |
:LOP‘F = {00 [ P
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B T 1 ) _IY V

L

Fig. 11. The input stage.

This stage consists of two push-pull differential amplifiers.

Some characterstics previously discussed are the low non-

linear distortion, the power supply ripple rejection, and the

thermal stability. Internally generated noise presents no

problem in the driver and output stages. However, the
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input amplifiers operate with high gain and low signal levels.

Thus, the noise figure of the input stage should be kept

as low as possible. A low noise figure is obtained by

operating at low quiescent current levels and with low

source impedances. The quiescent collector current of Q13,

Q14, Q15, and Q16 is 40y a. The source resistance is 2.2 kohms.

This operating point results in a noise figure of about 4 dB

from the data sheets. Linearity is maintained with this low

quiescent current over the entire operating range of frequencies

as a direct consequence of the constant return difference

feedback scheme. ( See page 12. ) The noise figure of Q9, Ql0,

Qll, and Ql2 is comparably low. The adequacy of these noise

figures is verified in that the signal to noise ratio of the

amplifier referenced to full power output is greater than 90 dB.
The input stage is operated class A for good linearity.

The quiescent collector current in each transistor is indicated

below it in the complete schematic diagram in Fig. 13. Also

given are the collector currents at peak signal swing with

an 8 ohm resistive load. The high frequency rolloff of the

input transistors Q13, Ql1l4, Ql15, and Ql6 is about 1 MHz.

That of Q9, Q10, Ql1, and Ql2 is about 2 MHz. A zero at 80 kHz :.

provided in the feedback path from the output by the 100 kohm

resistor and tne 20 pf capacitor. This circuit realizes the

input block in Fig. 6 of Part I. This input stage completes

the physical realization of the constant return difference

feedback system proposed in Part I. In addition to the single
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pole high frequency rolloff at 80 kHz, which characterizes
the closed loop high frequency response, the two 15 yf
capacitors in the input circuitry prodice a single pole
low frequency 1olloff at 5 Hz in the closed loop response.
This concludes the circuit description of the prototype

amplifier.
IX. Measured Performance

The resulis of distortion measurements have been preseﬁted
in Part I. A comparison of the harmonic distortion data of
the prototype émplifier and two high quality commercial units
is repeated in Fig. 12. The input impedance of the amplifier
was found to be 100 kohms resistive from 20 Hz to 20 kHz.
The output impedance is 0.06 ohm resistive from 20 Hz to 20 kHz.
A constant low output impedance over the entire range of
operating frequencies is not achieved in present commercial
practice. Since the output impedance is also determined by
the return difference, the benefits discussed in Part I in
terms of distortion reduction also apply to the output
impedance. The midband voltage gain of the amplifier is
45 with the -3 3B points at 5 Hz and 80 kHz. The asymptotic.
rolloff is 6 dB per octave. Thus, the response is 0.5 dB
down at 20 Hz aad 20 kHz. This is a desirable frequency

response for an audio power amplifier. The signal to noise

ratio referenced to full power output is greater than 90 dB.
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Fig. 12. Harmonic distortion data.

At this point in the project, the measured performance agrees

well with that predicted by the theory in Part I.
X. Conclusion

The circuits developed in the project, which realize the
constant return difference system presented in Part I, have

been described. The specific areas covered were: economics,
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non-linear dis-ortion reduction, power supply ripplevrejection,

thermal stability, realization of the desired transfer functions,

power conversinn efficiency, and noise reduction. The measured

performance of the amplifier indicates that it is superior

to presently available high quality commercial power amplifiers.
A subject for future research is the development of

output transistor power dissipation limiting circuitry. It

is also desirable to design an amplifier with higher output

power.This is actually quite simple. An 80 watt rms amplifer

can be constructed with no changes in the circuitry other

than certain component values. This brings out the universal

nature of the design. It is also evident that an isolation

network is needed at the output to maintain closed loop

stability with highly reactive low impedance loads. These

investigations should be completed in the near future.
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