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DESIGN

everal disadvantages dog
reduction of crossover distor-
tion in Class B amplifiers
where a separate output tran-
sistor is used for each direction
of current. The classical solution is to
use an amplified diode — a potentio-
meter with its three terminals con-
nected to the three leads of a transistor
— as a voltage source hung between
the bases of the two output transistors.
As a result, these transistors con-
tinue to operate fairly well during
crossover. But this arrangement needs
initial adjustment, which can go wrong,
and the circuit hovers on the brink of
thermal runaway. Preventing runaway
can involve an over-large heat sink.
However before looking at alternative
methods of reducing crossover distor-
tion we should consider its measure-
ment.

Measurement methods
Harmonic analysis is not a good
method of displaying crossover distor-
tion, because it conceals the causes.
Better results are achieved by filtering
out the fundamental, or by using the
subtraction method.

To use the latter, attenuate the
amplifier output until it is reduced to
the size of the input signal, and display
the difference. For example, in Fig. 1,
connect Ry to F, find the voltage
difference between A and G, and
multiply by 11 — the amplifier gain.

Whatever method is used, the distor-
tion is more easily revealed if the
output signal is small. So it seems
sensible to take all measurements with
an output signal of 1V peak. (1V RMS
is a nuisance on the oscilloscope!)

Fig. 1. Basic Class B amplifier without
the amplified diode. At switch-on A
Jumps to 2.0V and F rises rapidly to
2.7V, leaving quiescent currents as

marked (assume a median gain of 300 for

the BC109).

10kHz seems to be a sensible test
frequency, as crossover distortion is
worse at higher frequencies. At an
alternative of 20kHz many loudspeak-
ers offer an impedance of more than
twice their nominal figure, reducing
output current and crossover distor-
tion. So the standard signal for
measurement should be a sinusoidal
output of 1V peak at 10kHz. All
oscillograms in this article follow this
standard.

Trace A. Unmodified distortion: The
output from point F (Fig. 2 top trace),
clearly shows crossover distortion. All
further traces rely on the subtraction
method as described above and for
Fig. 1 this gives trace A. In fact the
crossover distortion of trace A appears
with some fundamental, due primarily
to the imperfect matching of the
potentiometer (Rg and Rg) to the
amplifier gain. But the crossover dis-
tortion is easy to pick out and draw,
because of its shape and its agreement
in time with the jumps of the top trace.

: Troce oo

T

Fig. 2. Crossover distortion. The
duration of any spike measured at 10%
of its height is marked in us. The top
trace shows output volts. The other
traces align in phase.
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Fig. 3. Class B amplifier with low
crossover distortion (trace E). High gain
in the feedback loop means leads must be
kept short to avoid 4MH?z oscillation, lead
BB is particularly sensitive. The 47n and
207 also help with stability. While
experimenting display output from F to
check for HF oscillation.

Trace B. Single diode: A voltage jump
of 1.4V or so is needed at DE to effect
crossover. This jump can easily be
halved by inserting a silicon diode
between D and E, halving the ampli-
tude of the crossover distortion.

Trace C. Negative feedback: The nor-
mal way to reduce distortion is to
increase feedback. Remove the feed-
back network Rs-R4-C,, and join Tr,
emitter directly to F. This provides
100% voltage feedback to the input
transistor. The voltage gain of the
amplifier is lost, but that is easy to

Fig. 4. Base volts required for collector
current, with a typical BC109C. The line
keeps the same slope, but may rise or
lower by up to 10mV with a different
BC109C, a different type of silicon
transistor, or a 5°C change. Germanium
lowers the line by about 450mV.

Typical BC109C ot 20

VeE=5V
Logs to base 10

make up with an earlier class A stage.

The logic of the subtraction method
is now easy to follow. In terms of volts
F should follow A about like a siave;
any difference is the distortion. So

crossover distortion now appears as’

change in Tr,; Vgg. That can be mea-
sured by using a difference amplifier
(AC variety) attached -at A and F
(attach its positive input to the left of
F). Result is a ten-foid fall in crossover
distortion.

On trace C the crossover distortion
appears as two spikes. These derive
from capacitor C; in Fig. 1, there to
reduce HF gain, preventing the HF
oscillation that would otherwise occur.
At high frequencies the transistor
delays translate into large phase lags,
turning negative into positive feed-
back.

With C; in position Tr, base acts like
a virtual earth at HF, so Tr, voltage
gain falls at 6dB per octave.

But C; also prevents points DE from
rising rapidly in voltage. Rapid rise at
DE pumps current down through C,
into Tr, base, inhibiting rapid rise at
DE. So Tr, collector is slew-rate
limited by C;. That will delay cross-
over, causing distortion as follows.

Trace D. Reconnecting the 6dB capaci-
tor: Suppose a sinusoidal voltage is
applied at A, and it has risen to 0V.
Now DE should jump upwards
instantly by 0.7V, but because of C, the
points DE take time to effect that
jump. While the jump is taking place F
stays at OV, but the signal at A con-
tinues to slew upwards, causing a grow-
ing error between the volts at A and
those at F. When the jump at DE is
finally completed, the crippling current
flowing down through C; suddenly
stops. The circuit reverts to type, with
F slavishly jumping to the new voltage
at A.

To summarise: a ramping voltage

difference opened up between A and
F, and then was suddenly chopped.

-That difference is the crossover distor-

tion and explains each spike: a ramp
which is suddenly chopped.

On trace C the chopping is slower
than the ramp.

Once the cause has been traced, the
spike can be tackled. Disconnect the
upper end of C; from D, and connect it
instead to F. Normally F follows D
about, so C; upper plate is effectively
connected as before. But during the
crossover jump, F is stationary. The
upper plate of C; no longer follows the
rapid voltage change at Tr, collector
and no disturbing current is now
pumped down through C; which has
been disconnected from the action.

But feedback is also disconnected
during the DE jump, so C; is not
needed to cut HF gain.

Reconnecting Cs in this way yields a
further thirty-fold reduction in spike
amplitude.

Trace E. Revised amplifier with the
changes so far proposed yields the
amplifier in Fig. 3. Trace D shows the
behaviour of Tr, Vg during the cycle.
The sinusoid visible is merely the Vgg
needed at Tr, to drive the amplifier
through its signal cycle (see below).

So the crossover distortion for the
modified amplifier can easily be sepa-
rated out, trace E. At this low level a
new type of distortion appears; a
square wave exactly out of phase with
the signal cycle. Remembering that the
influence of a spike is proportional to
its length, then the spikes can now be
ignored. The square wave is the
residual crossover distortion.

To tackle the square wave, its cause
must first be identified. It comes from
transistor Vgg, as shown in Fig. 4.
From the formula in Fig. 4 one may
readily deduce in sequence three
results. Firstly, to multiply collector
current by a factor F, the AV needed
on the base is 60 log;, F (60 i$ usually
written for 59, AV is in mV).

For small increases of collector cur-
rent (F near 1) it then follows that AV
may be calculated instead by assuming
constant Vg and a resistor R=25/1 in
series with the emitter. I is emitter
current in mA.

Finally deduce that ImV extra on the
base increases I~ by 4%, a rule that
may be used up to about 5mV.

The variations listed in Fig. 4 do not
alter the slope of the line, and there-
fore have no effect on these formulae,
which are quite accurate, of the 2%
variety.
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To study crossover refer to Fig. 3.
Under quiescent conditions Tr; is on
(to supply Tr,) so E is at 3.4V. For
crossover E must drop 0.7V t0 2.7V, so
current in Ry increases from 5.6mA to
6.3mA which is .a 12.5% increase
requiring 3.1mV extra on Tr, base. Tr,
must provide an extra 3.1uA to drive
up by 3.1mV the PD across R;, and of
course Tr, base will take an extra
2.3uA (0.7mA/300). Tr, must provide
an extra 5.4uA in all, 0.8% of its
present current, requiring 0.2mV step
on, its base.

That step of the input signal brings
about crossover, and has no effect on
the output. So the step is lost, duly
appearing as distortion in trace E.

It is not much harder to show that a
total swing of 2mV is needed at Tr,
base to drive the amplifier through the
signal cycle, traces C, D and F. But
note that the battery fell to 7V under
the load. When +1V (the upper peak)
is applied to the speaker, E has risen to
4.4V, so 2.6mA flows in R¢s. lmA of
this is needed by Tr; base so Tr; passes
just 1.6mA.

Next work out Tr, I~ max; then use
the F formula . . .

Trace F. Current source: Point E in
Fig. 3 needs to drop 0.7V for crossover,
and 0.7mA extra from Tr, will produce
that drop in Re.

Fig. 5. Current source to replace Ry in
Fig. 3. The left circuit was used, but
right circuit is better when there is
significant dissipation.

But suppose Ry is replaced by the
SmA current source shown in Fig. 5.
Then when Tr, I rises quite slowly
from just below SmA to just above
SmA, point E must instantly drop
through 0.7V. The difference between
Ic and 5SmA is base current for the
transistors, and it must now change
from one base to the other, requiring
that 0.7V instant jump at E. Tr,
enforces this rapid jump by extracting
charge from point E.

Previously 0.7mA change in Tr; cur-
rent was required for crossover. Now

hardly any change in Tr, current is
required, so hardly any voltage will be
required at Tr, base either, and the
square wave of trace E will disappear.

Trace F is the crossover distortion
when the current source of Fig. 5 is
inserted (C; may need to.go to 330pF).
In the figure no jump is apparent but
on the oscilloscope a jump of about
0.01mV can just be seen — a twenty-
fold reduction on trace D. Two small
short spikes are left; the first of these
shows there is a short time when the
circuit stops lifting the output voltage.

A well known type of current source
is the bootstrap, joining BB of Fig. 3 by
a capacitor to the mid point of R¢. But
here that is worse than useless because
during crossover BB voltage is not
moving. Tying the centre tap of R¢ to
BB would actually impede the voltage
change taking place at that centre tap.
In this type of circuit any current
source should be active.

Aural evaluation

Crossover distortion can most easily be
heard if the signal is a low frequency
sinusoid, say 200Hz, especially if the
distortion can be removed at will by
switching in an amplified diode. But
the real issue is whether it can be heard
on programme material of speech and
music.

Listening quite carefully to 1V peak
speech/music with the circuit of Fig. 1,
reveals a quiet irregular hiss, which
stops when the signal falls silent.

The hiss is more audible when a
solitary male is singing — a low fre-
quency signal can produce more har-
monics within the audio band — but is
less evident when he is talking. The
jumps are at no fixed frequency. With
Fig. 3 no crossover distortion at all
could be heard.

When Fig. 3 is supplied with prog-
ramme material, the 0.2mV steps of
trace E are still visible via the differ-
ence amplifier, bobbing about in an
irregular fashion. But can they be
heard?

Listening to them in isolation, at a
constant repetition rate, at a frequency
to which the ear is sensitive (such as
1kHz, with the speaker connected via
100k to a signal generator delivering
2V p-p square wave at this frequency,
in a quiet room, then the answer is yes
— if one’s ear is within one foot of the
speaker.

But this test is ridiculously severe.
The frequency has been held constant,
the genuine signal which always accom-
panies crossover distortion has been

‘ .W-IOOD

Sig. gen
10Vpp square
tkHz
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Fig. 6. Audibility test when the SmA
current source replaces Rg. Components
chosen by experiment to show just the
spikes from trace F of Fig. 2.

10mVi; 5 Margami e
20us: §

Gsmv o Trace Rl
1psi

Fig. 7. Crossover distortion. Margam
used an output of 6V peak at 2kHz, and
Quad 405 output was 1V RMS at
13.2kH7z. At crossover these signals have
respectively 1.2 and 1.9 times the slew
rate of the standard 1V peak 10kHz
signal. The above graphs could without
criticism be allowed to exceed trace F by
those factors.

removed, and the ear is unnaturally
close to the speaker.

So for most purposes Fig. 3 might be
sufficient. It already includes two
improvements in the 100% voltage
feedback and reconnected Cs.

If Ry is replaced by a current source,
crossover distortion reduces to two
short pulses, (trace F). Pulses of that
shape were simulated by the circuit of
Fig. 6. In a quiet room nothing could
be heard, unless a 2in diameter speaker
was used, and pressed hard against the
ear. Even then the sound was on the
lower limit of audibility. No-one would
hear such sounds at a normal distance
from a speaker, and against the back-
ground of genuine programme mate-
rial.

John Vanderkooy and Stanley Lip-
shitz displayed the crossover distortion
of the Quad 405 current dumping
amplifier, by using the filter method'.
More recently, Eric Margam of Ljubl-
jana has displayed the crossover distor-
tion of a typical class B amplifier, using
the subtraction method?. Their results
are shown in Fig. 7. Taking height and
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To study crossover refer to Fig. 3.
Under quiescent conditions Tr; is on
(to supply Try) so E is at 3.4V. For
crossover E must drop 0.7V to 2.7V, so
current in Rg increases from 5.6mA to
6.3mA which is a 12.5% increase
requiring 3.1mV extra on Tr, base. Tr,
must provide an extra 3.1p¢A to drive
up by 3.1mV the PD across R, and of
course Tr, base will take an extra
2.3pA (0.7mA/300). Tr, must provide
an extra 5.4upA in all, 0.8% of its
present current, requiring 0.2mV step
on, its base.

That step of the input signal brings
about crossover, and has no effect on
the output. So the step is lost, duly
appearing as distortion in trace E.

It is not much harder to show that a
total swing of 2mV is needed at Tr,
base to drive the amplifier through the
signal cycle, traces C, D and F. But
note that the battery feil to 7V under
the load. When +1V (the upper peak)
is applied to the speaker, E has risen to
4.4V, so 2.6mA flows in Rs. ImA of
this is needed by Tr; base so Tr, passes
just 1.6mA.

Next work out Tr, I max; then use
the F formula . . .

Trace F. Current source: Point E in
Fig. 3 needs to drop 0.7V for crossover,
and 0.7mA extra from Tr, will produce
that drop in Re.

\Upper_f ; i
Loraibie 100 b
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Fig. 5. Current source to replace R4 in
Fig. 3. The left circuit was used, but
right circuit is better when there is
significant dissipation.

But suppose Ry is replaced by the
5mA current source shown in Fig. 5.
Then when Tr, Ic rises quite slowly
from just below SmA to just above
5mA, point E must instantly drop
through 0.7V. The difference between
I- and SmA is base current for the
transistors, and it must now change
from one base to the other, requiring
that 0.7V instant jump at E. Tr,
enforces this rapid jump by extracting
charge from point E.

Previously 0.7mA change in Tr, cur-
rent was required for crossover. Now

hardly any change in Tr, current is
required, so hardly any voltage will be
required at Tr; base either, and the
square wave of trace E will disappear.

Trace F is the crossover distortion
when the current source of Fig. 5 is
inserted (C; may need to.go to 330pF).
In the figure no jump is apparent but
on the oscilloscope a jump of about
0.01mV can just be seen — a twenty-
fold reduction on trace D. Two small
short spikes are left; the first of these
shows there is a short time when the
circuit stops lifting the output voltage.

A well known type of current source
is the bootstrap, joining BB of Fig. 3 by
a capacitor to the mid point of R¢. But
here that is worse than useless because
during crossover BB voltage is not
moving. Tying the centre tap of R¢ to
BB would actually impede the voltage
change taking place at that centre tap.
In this type of circuit any current
source should be active.

Aural evaluation

Crossover distortion can most easily be
heard if the signal is a low frequency
sinusoid, say 200Hz, especially if the
distortion can be removed at will by
switching in an amplified diode. But
the real issue is whether it can be heard
on programme material of speech and
music.

Listening quite carefuily to 1V peak
speech/music with the circuit of Fig. 1,
reveals a quiet irregular hiss, which
stops when the signal falls silent.

The hiss is more audible when a
solitary male is singing — a low fre-
quency signal can produce more har-
monics within the audio band — but is
less evident when he is talking. The
jumps are at no fixed frequency. With
Fig. 3 no crossover distortion at all
could be heard.

When Fig. 3 is supplied with prog-
ramme material, the 0.2mV steps of
trace E are still visible via the differ-
ence amplifier, bobbing about in an
irregular fashion. But can they be
heard?

Listening to them in isolation, at a
constant repetition rate, at a frequency
to which the ear is sensitive (such as
1kHz, with the speaker connected via
100k to a signal generator delivering
2V p-p square wave at this frequency,
in a quiet room, then the answer is yes
— if one’s ear is within one foot of the
speaker.

But this test is ridiculously severe.
The frequency has been held constant,
the genuine signal which always accom-
panies crossover distortion has been

I = 100D
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Fig. 6. Audibility test when the SmA
current source replaces Rs;. Components
chosen by experiment to show just the
spikes from trace F of Fig. 2.

Fig. 7. Crossover distortion. Margam
used an output of 6V peak at 2kHz, and
Quad 405 output was 1V RMS at
13.2kHz. At crossover these signals have
respectively 1.2 and 1.9 times the slew
rate of the standard 1V peak 10kHz
signal. The above graphs could without
criticism be allowed to exceed trace F by
those factors.

removed, and the ear is unnaturally
close to the speaker.

So for most purposes Fig. 3 might be
sufficient. It already includes two
improvements in the 100% voltage
feedback and reconnected Cs.

If Ry is replaced by a current source,
crossover distortion reduces to two
short pulses, (trace F). Pulses of that
shape were simulated by the circuit of
Fig. 6. In a quiet room nothing could
be heard, unless a 2in diameter speaker
was used, and pressed hard against the
ear. Even then the sound was on the
lower limit of audibility. No-one would
hear such sounds at a normal distance
from a speaker, and against the back-
ground of genuine programme mate-
rial.

John Vanderkooy and Stanley Lip-
shitz displayed the crossover distortion
of the Quad 405 current dumping
amplifier, by using the filter method®.
More recently, Eric Margam of Ljubl-
jana has displayed the crossover distor-
tion of a typical class B amplifier, using
the subtraction method?. Their results
are shown in Fig. 7. Taking height and
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duration into account the Quad 405
spikes do 28 times the damage of trace
F, and Margam’s spikes are 167 times
worse. Squaring the amplitudes to
compare power would give much more
spectacular figures.

R4 is a menace

Imagine a diode dropped into Fig. 1
between D and E. During crossover F
is stationary, and 0.2mV change at A is
required to produce the crossover jump
at DE. The calculation to that effect
appears at first sight unaffected by the
presence of Rs-R,-C;. In fact Try acts
like a transistor of constant Vgg with a
resistor of 38() in series with its emit-
ter. But R, is in series with that 38Q),
and almost doubles the 0.2mV change
required to effect the crossover jump.
Figure 3 eliminates R,.

Passage to Fig. 3 meant 100% feed-
back of the output voltage. Feedback
could instead be increased by adding a
transistor in the Tr;-Tr, area to
increase loop gain. That is difficuit, and
adds components instead of subtracting
them. A third disadvantage is that R,

would be left in position.

It is now possible to say that during
crossover the input impedance found at
A in Fig. 3 is low, perhaps 11k
(300x38Q). If further loss of signal at
crossover (above 0.2mV) is to be
avoided, the output impedance of the
preceding class A amplifier should be
under 1k.

Summary

The crossover distortion found in Fig. 1
was improved by dropping in a diode,
using 100% voltage feedback, recon-
necting the 6dB capacitor, and feeding
the gain stage from an active current
source. The middle two suggestions
might seem original. But recent IC
power amplifiers do seem to reconnect
the 6dB capacitor. They offer to the
user just one compensation terminal,
with instructions to connect it via a
suitable capacitor to the output ter-
minal. That is just what Fig. 3 would
require, whereas Fig. 1 requires two
points to be brought out for compensa-
tion.

In any event, it might appear that the

amplified diode has had its day. With-
out its aid the tolerably quiet distortion
audible as trace A has been reduced
about 53dB to the level of trace F by a
series of changes that requires just one
more component. Similar improve-
ments could be expected in expanded
versions of Fig. 1. ]

References

1. Vanderkooy, J., and Lipshitz, S.P.,
Wireless World, July 1978, pp. 83-85: see
Figures 4c, 5a, 6a.

2. Margam, E. Electronics and Wireless
World, July 1987, pp. 739-742.

RALFE - ELECTRONICS
36 EASTCOTE LANE. S. HARROW, MIDDLE354E())(0%A2 8DB

HP 1827 85588 0.1-1500MHz
HP1418/8552A/8554L 1250MHz system

HP1417 8552A/8554B 1250MHz system
HP1417/8552B/8554B 1250MHz system

MARCONI 2370 110MHz

TAKEDA RIKEN TR8305 FFT 100 kHz. GPIB, £2950
IWATSU SM2100 dual-~channel 100kHz. Disc drive option fitted.
TEKTRONIX 2710 10kHz - 1.8GHz

£2500
£1750
£2500
£2750

2018A synthesized signal generator to 520MHz £2250
2091C/2092C white noise receiver/transmitter, pair £1750
2356 2357 level oscillator/fevel meter £1000
2370 spectrum analyser 110MHz £2750 .
2380/82 400MHz spectrum analyser £11,000
2431A 200MHz frequency counter £110
2438 (303J) 520MHz universal counter timer £450
2501 RF power meter 0.3W DC-1GHz £150
2828A/2828 digita! simulator/analyser £1500
2833 digital in-line monitor £250
2952 mobile radio test set £1500
2870 data communications tester < £1000
6460 microwave power meter with head 6421 £300
6460/1 microwave power meter with head 6423 £350
60568 2-4GHz signal source £850
OA2B05A PCM regenerator test set £750
TF1245A/1246 Q-Meter and oszillator £400
TF2002B/21708 88MHz signal generator £300
TF2011 FM signal generator 130-180MHz £150
TF2013 FM signat generator 800-960MHz £350
TF2120 variable phase waveform generator £250
TF2162 audio attenuator £100
TF2163S UMF attenuator DC-1GHz 0-142db £325
TF2300 modulation meter £200
TF2300A modulation meter £300
TF23008 modulation meter £400
TF2304 modulation meter, atomatic £400
TF2331 distortion meter £150
TF2500 audio requency power mater £100
TF26008 video voltmeter 1mV-300V fsd £150
TF2807A PCM multiplex tester £400
TF2905/8 sine squared pulse & bar generator £275
TF2908 bianking & sync mixer £150
TF2910/4 video non-linear distortion analyser £750
TF833A audio power meter £50
TM4520 inductor set £250

882
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AVO CB154/5 electrolytic & tant’ cap’ bridge

AVO RM160/3 megohmmeter
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BRANDENBURG Alpha Il 807R 0-30kV
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3581A audio wave analyser 15Hz2-50kHz £1000
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4329A high-resistance meter £750
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5363B time-interval probes £1250
5384A 225MHz system frequency counter GPIB
62668 power supply 0-40V 0-5A £250
6516A power supply 0-3KV @ 6mA £250
7440A (002) HPIB A4 colorpro plotter £450
7475A (001) RS232 6 pen plotter £750
8013B pulse generator S0MHz duai output £750
8165A tunction generator 1mHz-50MHz GPIB £1500
8327A test set selector £500
8405A vector voltimeter. Voltage & to 1000 MHz £1250
85044A transmission/refiection test set > £750
86B computer £200
8600A digital maker generator for 8601A £325
8614A signal generator 800MHz-2.4GHz . £1250
8620A sweeper main frame & 8621B plug-in units £1500
86222A sweep generator plug-in 10MH2-2.4GHz £2000
8656A signal generator 0.1-890MHz £2000
8673B synthesized signal generator 2-26.5GHz £15000
8709A (H17) synchronizer £500

89544 transceiver interface

ROHDE & SCHWARZ SWOFIit videoskop

ROHDE & SCHWARZ PUC instrument computer

ROHDE & SCHWARZ UPSF video noise meter
SHIBASOKU 2174733 SECAM colour bar generator
SOUND TECHNOLOGY 17008 low distortion test set
SOUND TECHNOLOGY 1000A FM stereo sig gen Band i
TAKEDA RIKEN TR9305 audio spectrum analyser FFT 0.0025Hz-
100kH2. GPIB option

TEKTRONIX 576 transistor curve tracer

TEKTRONIX $G503, TG501 in TMS503 main frame
TEKTRONIX SGS502 oscillator, FGS01 in TM503
TEKTRONIX AMS503 current probe amplifier

TEKTRONIX 7633/7A26/7B53A/ storage oscilioscope
TEKTRONIX P6019 & 134 current probe & amplifier

TIME ELECTRONICS 404S milli-volt source

TOA PM-30R RF volt-meter 1mV-10V fsd

WILTRON 610C sweep generator 4-18.5GHz
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