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AUDIO-HIGH FIDELITY 

Circuit Features of High-Fidelity 

POWBB IIMPLIE'IBBB 
First of several articles describing recent 

circlIit "eve/op",ents designed to overcoII,e effects 

of leakage reactance in Olltput tralls/orlllers: the 

basic McIntosh unity-coupled output circuit 

A
MODERN high-fidelity power 

amplifier must be designed for 
minimum distortion, high peak 
power output for wide dynamic 

range, high efficiency for economical 
operation and high power sensitivity to 
develop the desired output with com
paratively low driving voltages. Push
pull operation is universally used to 
cancel even-harmonic distortion. Class 
AB1- or AB"..operated beam-power out
put tubes are used for efficiency and 
power sensitivity. A class-ABl ampii
fier is biased and driven so plate ccr
rent flows for considerably more than 
180 0 and somewhat less than 360 0 of 
the input cycle. Class-AB:I amplifiers 
are biased as for class-ABl operation 
but are driven harder so the grid goes 
positive for a small part of the input 
cycle. In both cases the tubes are alter
nately driven to cutoff during a small 
part of the input cycle. 

The output transformer of a high
fidelity amplifier must have a large 
heavy core and a great number of pri
mary turns for good low-frequency re
production. The shunt capacitance of 
the primary must be low for good per
formance at frequencies above about 
3 kc. Unfortunately, shunt capacitance 
increases rapidly as the number of pri
mary turns is increased so high-fre
quency response falls off. Thus, any 
effort to increase the range at the low 
end results in a reduction in response at 
the high end. 

Negative feedback is frequently used 
t(l flatten and inCl"eaRe the frequency 

By ROBERT F. SCOTT 
TKCHNICAL KDITOR 

age is taken from the secondary wind
ing of the output transformer-as in 
most amplifiers-the amount of feed
back is limited by the amount of phase 
shift caused by capacitive reactance of 
the load and ftux leakage and distri
buted capacitance of the windings. One 
method of increasing the transformer 
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Fig. I-A basic push-pull circuit show
inK the equivalent leakage inductance. 

bandwidth while bolding phase shift to 
tolerable levels is to use a very large 
core that permits good low-frequency 
output with comparatively few turns 
on the primary. Such transformers are 
seldom practical from an engineering 
or economic standpoint. 

Leakage inductance and reactance 
In a transformer of conventional 

design not all tbe lines of force pro
duced by cOrrent in one half of the 
primary cut the turns in the other half. 
The ftux lines not coupled to the other 
half of the coil nTodtJ('p II rOl1ntpr-p.mf. 

producing them. In transformers this 
stray inductive effect is called leakage 

. inductance. 
Leakage inductance has the same ef

feet as a separate inductor in series 
with each half of the coil and its plate. 
Fig. 1 shows a basic push-pull circuit 
with leakage inductance shown in 
dashed lines. ThiB is the direct result 
01 insufficient coupling between the 
halves 01 the primary winding. 

At frequencies above 2 or 3 kc (de
pending on the transformer) the out
put waveform is distorted by a notch 
(Fig. 2) caused by sharp changes in 
total plate current as one tube is driven 
to cutoff. The abrupt change in plate 
current causes the leakage inductance 
to induce a counter-e.m.f. that produces 
this notch in the output waveform. In 
other words, when the tube cuts off. 
the leakage inductance generates a 
current that flows h the same direction 
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as the plate current through half the 
winding. 

The problem of minimizing leakage 
-inductance by increasing the coupJinJZ' 
between the halves of the primary in 
a conventional push-pull transformer 
so notch distortion occurs well outside 
the audio range is one that long defied 
solution. 

Within the last few years several 
amplifier manufacturers have success
fully overcome or bypassed the prob
lem of leakage inductance. Several 
circuit designs eliminate the output 
transformer by using special circuits 
in which the load is driven directly by 
the tubes. Others either USl' spl'cial 
transformer construction with modified 
circuits or uncorwentional circuits in 
which interprimary magnetic coupling 
is not an important factor in the opera
tion of the transformer. The output 
transformer then becomes simply an 
impedance-matching device that needs 
no special characteristics other than 
adequate frequency response and power
handling capacity. 

Unity-coupled output circuit 

Fig. 3 is the circuit of the Mcintosh 
model Me-30 type A116 power am
plifier with its unity-coupled output 
stage and specially designed output 
transformer. The operation of this 
circuit becomes relatively simple when 
we follow the steps leading to its 
development. 

Fig. 4-a shows the a.c. circuit of a 
conventional push-pull output stage 
using an output transformer with a 
split primary. If the two halves of the 
primary are bifilar-wound-two con
ductors laid side by side and wound as 
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one wire-the coupling between the 
coils is unusual1y close and leakage 
reactance (the reactance of leakage in
ductance) is greatly reduced. (Fig. 
4-b). This type of construction makes 
it possible to wind a transformer in 
which the leakage reactance is 1/200,nOO 
of the primary inductive reactance 
or less. Leakage reactance should be 
at least 1/80,000 of the primary induc
tive reactance in a cJass-A B or -B out
put transformer for ful1 output between 
20 and 20,000 cycles with distortion not 
exceeding IlJr. 

The circuit in Fig. 4-b is impractical 
because separate d.c. supplies are need
ed for each tube and a special driving 
or input transformer is needed. The 

A 
IIFILI.R WINDINGS 

, 
Fig. 4-a-Ordinary primary winding. 
Fig. 4-b-A bifilar-wound primary. 

next step in the development of the 
unity-coupled circuit was to change the 
connections so one of the identical 
windings is in the cathode circuit and 
the other in the plate circuit. Each 
winding was then tapped at the center 
as in Fig. 5. 

Each tube now operates as a split
load phase inverter with the power 
output developed equally in the plate 
and cathode coils. When the input 
signal makes the grid of V1 more 
positive, current flows upward from 
ground to the cathode of VI and then 
from its plate through the lower half 
of the plate winding to B plus. V2 
operates in the same manner using the 
lower half of the cathode winding and 
the upper half of the plate winding. 
Since the plate and cathode coils are 
identical and bifilar-wound with a cou
pling factor approaching unity, leakage 
reactance is effectively eliminated and 
each tube appears to operate through 
the full primary. 

The secondary winding sees the two 
primaries as a single winding so the 
effective turns ratio can be halved and 
plate-to-plate impedance reduced to 
one-quarter the optimum value for the 
same tubes operating in a conventional 
push-pull circuit. With the impedance 
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reduced to one-quarter (to 1,000 ohms if 
we assume 4,000 ohms plate-to-plate in 
a conventional circuit) the effect of 
distributed capacitance of the windings 
is reduced by the same factor and the 
high-frequency response of the trans
former is increased correspondingly. 
The internal impedance of the output 
stage is further reduced to one-third 
the original value (333 ohms) by the 
12-db feedback developed in the split
load circuit. 

Pentodes should operate with a con
stant d.c. potential between cathode 
and screen to prevent degeneration un
less scr~en-cathode feedback is actually 
desired, as in the Bell 2200 and Bogen 
DB20 (see IIHigh-Quality Circuits," 
RADIO-ELECTRONICS, September, 1953). 
In the unity-coupled circuit the cathode 
i<; above ground for a.c. signal voltages 
so a.c. and d.c. potentials on the cathode 
and screen are held constant with re
spect to each other by connecting the 
screen of one tube to the plate of the 
other. In this way, the a.c. voltage on 
the screen is equal to and in phase with 
that on the cathode. Both elements 
rise and fall equally with signal volt
age and the instantaneous voltage dif
ference is always constant. 

The amplifier circuit 

The amplifier in Fig. 3 delivers 30 
watts with a frequency response flat 
within ±0.1 db from 20 to 30,000 cycles 
and within ±0.5 db from 15 to 50,000 
cycles. At 15 watts output, response 
is flat within ±1 db from 10 cycles to 
100 kc. Harmonic distortion is less 
than 0.33 'Ir at 30 watts output between 
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Fig. 5-Developing unity coupling be· 
tween halves of the primary winding. 

20 and 20,000 cycles. Intermodulation 
distortion is less than 0.5 % when peak 
power output is below 60 watts for 
any frequency between 20 and 20,000 
cycles. Phase shift is only S· at 20 
cycles and 9 8 at 20 kc. Damping factor 
is 12 or better at the 4-, 8-, and 16-ohm 
outputs ahd 16 at the 600-ohm ter
minals. 

The 1614's in the unity-coupled out
put stage approach class-B operation 
at rated output so a 12AX7 push-pull 
cathode follower is used to provide the 
low-impedance source required for 
driving the grids. The 1614 grids are 
direct-coupled to the driver cathodes. 
The output tubes require a large signal 
voltage on the grids because of the 
degeneration in the cathode circuit. 
Each driver plate is direct-coupled to 

the plate of the opposite output tube. 
This has the effect of doubling the 
driver tubes' plate voltage. 

The cathode-follower drivers requiN! 
a grid excitation voltage equal to that 
of the 1614's plus an additional voltagt" 
to compensate for the cathode follow
ers' gain of less than one. This signa I 
voltage-about 132 on each grid-is 
supplied by the 12BH7 voltage ampli
fier through R-C coupling to the 12AX7 
grids. 

The 12BH7 plate load resistors arf' 
supplied from the ends of the plah' 
winding. of the output transformer 
where current flow is in phase with 
the 12BH7 plate current. Thus, half 
the plate winding is in series with thl' 
12BH7 load resistor and the voltages 
across the transformer and resistor are 
series aiding. This ingenious arrange
ment greatly increases the 12BH7 a.c. 
plate load impedance and stage gain 
while the d.c. load is only 12,000 ohmR. 

The positive feedback from the plate~ 
of the 1614's to the plates of the 
12BH7's raises the effective output gen
erator impedance to around 500 ohms 
so the ratio of generator impedanc(' 
to output impedance is about equal to 
that of a well-designed triode output 
stage. 

The 12BH7 grids are excited in push
pull by a 12A U7 cathode-coupled phase 
inverter. The input stage is half of 
a 12AX7 direct-coupled to the input 
grid of the 12A U7 to minimize low
freqt.rency phase shift. Negative feed
back is taken from a separate sec
ondary on the output transformer and 
fed to the cathode circuit of the input 
stage. 

Using the separate feedback winding 
greatly increases the stability of the 
amplifier. When feedback is taken 
from a load winding, a load with ca
pacitive reactance will increase the 
phase shift within the output trans
former and feedback may become posi
tive at high frequencies. This effect is 
minimized with the separate feedback 
winding. 

The MC-30 has separate B plus and 
bias supplies. The output stage oper
ates class AB so large filter capacitor:
are used for adequate decoupling .and 
low output impedance at all audio fre
quencies. Good regulation is main
tained by using 8 5U4-G rectifier and 
low-resistance power transformer and 
filter circuit. Fixed bias for the output 
stage is supplied by a half-wave sele
nium rectifier with a capacitor input 
R-C filter. 

The amplifier delivers full output 
with a 0.5-volt a.c. input. Output load:-; 
of 4, 8 and 16 ohms are supplied from 
a low-impedance secondary on the out
put transformer. A 600-ohm balanced 
line may be fed from taps on the 
cathode winding of the bifilar primary. 

In subsequent articles we will discuss 
the development and operation of the 
output circuits in the National Horizon 
series, the Electro-Voice Circlotron and 
Stephens OTL (output-transformerless) 
amplifiers. ENn 
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