Distortion in Complementary-Pair
Class-B Amplifiers

In which the author develops,
among other things, a new treatment
of crossover distortion

By B. M. Oliver

THERE ARE TWO PRINCIPAL TYPES OF DISTORTION in
class-B amplifiers using complementary pairs of transis-
tors. One is caused by g difference between the two
transistors; the other, known as crossover distortion, is
caused by differences in the slope of the transfer char-
acteristic near the operating point as compared with the
slope at high current levels. We shall consider both types
using a general approach applicable to a wide variety of
particular circuit configurations and shall study the effec-
tiveness of negative feedback in suppressing the distor-
tion. In all cases we assume a sinusoidal input and take
as the measure of distortion the ratio of total harmonic
power to fundamental power in the output.

j3-Difference Distortion

Consider the circuit of Fig. 1, in which two transistors
having different g2’s are biased by an appropriate means
and have their common emitter node connected to a load
resistor, R.. The source is assumed to have an internal
resistance, R,. There are, of course, little resistances like
R, the base ohmic resistance, and R,, the emitter resist-
ance, but for the moment we shall consider these to be
included in R, and R.. Since we shall be considering large

Fla. 1. Two transistors of different 8 teed common load.
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signals here, we shall neglect the junction-law distortion
and assume the junction resistance to be zero for forward
bias and infinite for reverse bias.

For e, positive, the transmission is given by
€2 - R. o B R (1a)
€, (1—a)R 4+ R &R, + BiR:
where «, is the « of the upper transistor. Similarly for

=

negative e.,
_ e R. - B.R. )
ke = e, (1 —a;) Ry, +R. ﬂ2R1+BzR: (1b)
The ratio of these transmissions is
ﬁ___ﬁ_l ﬂle + }ngz (2)

ks B R, - Ble ’
If R, is infinite (current source of magnitude %] then

ki api By
ka a3 - B
k,/k. = 1. The ratio of R./R, determines the amount of
local feedback or degeneration and affects the ratio of
the transmission for positive signals to that for negative
signals. B-difference distortion thus depends upon the cir-
cuit configuration and will in general be low if the pair is
voltage driven and high if the pair is current driven. The
point is that, for any configuration, one can always find
the appropriate k, and k. and from these compute two
normalized slopes
ki

while if R, is much less than 8R., then

ks

™=t ez M=tz Y
which have the properties
LS ol m ke
3 | " (3b)

We are now in a position to represent the actual am-
plifier, whatever its configuration, by a linear amplifier
followed by a non-linear device having the transfer char-
acteristic shown in Fig. 2, where w is the input amplitude
and v the output amplitude. We neglect all curvature at
the origin, present in actual devices, electing instead to
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simplify the analysis and obtain a slightly pessimistic re-
sult.

In the feedback amplifier of Fig. 3, which incorporates
our non-linear device, we have for positive signals

PO /.7 .S
Pemy— Tl 5 (4)
and similarly, for negative signals:
o dap
V= l—mg;zﬁr' (5)

up is the loop gain if v — u (unity slope). This g is the
traditional feedback ratio. Nothing to do with transistors!
If m were unity and we wished an output
y = asin ¢, (6)
we would need an input

1 —pup
,ll.

w= asin ¢; (7

with this input and the actual transfer characteristic, the
output will be

y=as sing, y>0

(8)
v =as. sing¢, y<0
where
o 1=pB .
Si =17 —ey My =12, (9)

s, and s. are, of course, the transfer characteristic slopes
as modified by the feedback. Both approach unity as ;8
— oo unless m, or m. is zero.

The amplitude of the fundamental component in the

output is:
f_ysin¢.d¢
ay =" :a’”z“". (10)

/‘w sin® ¢ d¢

The mean square departure from the fundamental is

W

(y — a, sin ¢)*d¢

2

72 =‘8_ (5, — 52)%
[ ds an

8a* =

The distortion, d, is given by
4= ms departure  \/8a* _ E=A (12)

"~ rms fundamental a, 5y -+ 5.
\% 3

_my—m, )

4 2 [ I —mymapf”

The distortion is reduced by feedback but the effective
loop gain is not ;.3 but m,m..B. Thus, if either m, or m.

is zero, the feedback is useless. On the other hand, if
my =1+ Aand m. = 1 — A where A << 1, then
mym, = 1 — A* =~ 1, and we can consider the normal
feedback as being effective. We note that, for the sharp-
cornered transfer characteristic we have assumed, the
p-difference distortion is independent of amplitude.

/

Fla. 2. Amplifier transfer characteristic, input w vs. out-
put v,

Crossover Distortion

Fig. 4 shows a typical emitter follower class-B output
stage. The transistors are forward biased by a current /
flowing through two diodes and a resistor. R, is the total
resistance of this diode string. We include a resistor R, in
the base lead of the upper transistor to keep the cir-
cuit symmetrical. Each emitter is coupled to the output
through a resistor R..

We will first analyze this circuit exactly to see if there
is an optimum value of R. so far as crossover distortion
is concerned. Assuming the transistors to be identical so
that there is no g-difference distortion, all distortion will
arise from the non-linearity of the emitter-base junction
law. To find an optimum R, we need only minimize the
variation in output resistance with signal current. Accord-
ingly, we ground the input to the stage and apply a voltage
to the output as shown in Fig. 5.

Let R be one-half the ohmic resistance around the
emitter base-bias loop, referred to the emitter:

Flg. 3. Feedback amplifier incorporating nonlinear ele-
ment.

R=(1—a)(R,+ Ry) +R.+R.. (13)

12
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If 1, is the operating current and /, and i, are the signal
currents produced by the voltage ¢, we then have
i=i— Iy (14)

and
kT

q
%m(w" +‘")+Rﬂ 4+ i) = Vo + e.(16)

I, is the saturation current of each transistor, / and e
the output current and voltage. When i = 0,i, =i. =0

and ¢ = 0, so
(1+ )+RI,,.

Substitution of thls expression into (15) and (16) gives,

(1 4+ L +I’)+R(I,,+i,_):Vo—e (15)

v, — kT

(17)

after multiplication throughout b}'k? and neglecting 7,

in the result:
____ ge
( ) T8 (1) kT

a(E)+er(z)=k

k;‘ and is the emitter conductance at the op-

erating point.

(18)
(19)

where g, —

f;g .
If we assume a value forf we can easily compute the
o

corresponding value of ET But then to ﬁnd i from (18)

involves the solution of a transcendental equaﬂo_n No
way being known to rewrite (18) explicitly in ;—:, the
9100A Calculator was programmed to find this quantity
by successive approximations.

Having found & I it is then a simple matter to compute

the output resistance R,, or rather the normalized quan-
tity g,R,, which consists of the two normalized resistances

goRI —_ goR 4= (20)

1
EE
and

8R: = gR + 1 +—=- (21

is / Iy
in parallel.

ls

As?:ﬁ»w,} — — 1. Thus g,R, — g.R. = g.R.

The difference, Ag,R,, between g,R, and its limiting
value for large signal currents is therefore

AgoRo = 8o (R — R} (2?)

The 9100A was used not only to solve for i , but to
compute and plot the 9125A plotter Ag,R, as a functron

13

Flg. 4. Typical emitter follower Class-B stage.

Fla. 5. To find optimum R. input is grounded, voltage
applied to output.

of
I TR
L=E L 2
The results are shown in Fig, 6.

We see that for g,R, = 0, the resistance falls with in-
creasing signal currents, while for g.R > 1, the resistance
rises. Withg,R — 1 , the resistance falls monotonically as
with g,R = 0, but by only half as much. With g,R = 1,
the initial and final values of g,R, are the same but there

is a bump in between at L ~ 4. Thus a value of R some-

o

where between =— : and gl:s optimum.

28,
However, the drop across this resistance produced by

the operating current is only ?fg ; k: to ;" k_:

or from 13 to 26 millivolts. Over the temperature ranges
from 0°C to 100°C, the junction drop of a silicon
transistor will change typically by 250 millivolts. Thus,
unless the biasing diodes (see Fig. 4) track this change
within a few percent, I, will be very unstable. If the
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biasing diode were integrated on the same chip with the
transistor, accurate enough tracking might be achieved,
in which case these results would be of practical interest.

At present the most practical solution to the tempera-
ture stability problem appears to be to make R, many

times larger than = and to rely on negative feedback to

reduce the resulting distortion.

“la. 6. Effect of emitter resistance on crossover distor-
tion.

To avoid wasting signal power in R,, these resistors
may be shunted by diodes as shown in Fig. 7. If the oper-
ating current, I,, produces a voltage drop in R, greater
than half the diode drop required to conduct currents on
the order of /,, then the diode on either side conducts and
shunts out its R, before the opposite transistor cuts off.
As a result, the output resistance never rises as in the
curves on Fig. 6 for g,R > 1. Rather, neglecting the for-
ward resistance of the diode, it drops by an amount

Rc_Re‘_’(l_a) (RB+RI]
2

at large signal currents, instead of rising by an amount

R:+ R+ (1 —a) (R + Ry
3 ;

Contrary to what one might expect, these power saving
diodes do not increase distortion; they may actually re-
duce it slightly.

When the diode is open. the transmission of the stage,
which we will call my., is

€2
Mp=:~e—1
open
o R"'
(1 =)+ (R Rep ) R Re y g,
24)
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With the diode closed and the opposite transistor not
yet open, the resistance of the path through the diode
(1 — a) (R, + R)) + R,, is paralleled by the resistance
of the path through the other transistor (1 — «) (R, +
Ry) 4+ R.+ R.. Since the latter is ordinarily much larger,
we will neglect this intermediate condition and assume the
opposite transistor is always open when a diode is closed.
The transmission is then

de,| Ry

2 ="de,| "1 —a) (R, + R, +Ry) + R. + R
closed
(25)

In all these expressions, we have neglected the diode
transistor junction resistances. Dividing (24) by (25), we
find

(I_“)(R1+R3+Rb)+Rr+R:

(1~a)(R1+R‘}LR")+R‘J{R”+Rt

(26)
One diode or the other closes when the signal voltage
at the emitters has the absolute value

enz(l s 2§”) (Vi LR).

For higher voltages, the conducting emitter and the
output voltage differ by V,, the diode drop.

Thus we can represent the entire non-linear stage by
a linear amplifier of gain j., followed by a non-linear
transfer characteristic of slope m up to the breakpoint
and slope 1 thereafter. Further, if we agree to normalize
all voltages by dividing by e,, this breakpoint will have
the abscissa 1, as shown in Fig. 8.

In Fig. 9, we show this equivalent stage as part of a
feedback amplifier whose loop gain (above the break-
point) is uf2. In Figs. 8 and 9

m =

27)

_ Ein
W= F (28)
i
F=i =t (29)
_e
yieegss (30)

A similar normalization is possible for other circuit
configurations, so what follows is generally applicable.
Suppose we wish an output
¥y — asin ¢. (30
If the transfer characteristic had unity slope through-
out, this would require an input

1 —up

I

e asin é. (32)

With the actual characteristic, the output up to the
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Fla. 7. Diodes shunt R. to avoid wasting power in resis-
tors.

Fla. 9. Equivalent stage shown as part of an amplitier
whose loop gain, above break point, is uf.

breakpoint is then given by:
mp

y:l_p3w=sasin¢,¢<¢n (33)
where
_ . 1 —uB
B T—mef (34)
and
)
$o = sin* —-. (35)

The quantity s will be recognized as the effective slope,
as modified by the feedback. Beyond the breakpoint

It
T (v —wo. (36)

Using (32) and (33), this may be written
y=a[sing — (1 —s)sin¢), ¢ > $o- (37)
The fundamental component of the wave described by
(33) and (37) is

® 7*'/2
j ysing dé
o

?T/ [}
f sin“g d¢
o

K =2 (g, + sing, cosg,) (39)

The mean square difference between the actual wave
and the fundamental is:
/2
(y —a) d¢

72
A

+ (1= 282) sy, - K D).

=) =

= (38)

=a [1—(1 —s)K:]

where

(1 — 5)%a* {24”

(40)
Finally, the distortion is
Sa*
d=14/ &' =
-ﬁ—"+2(1 i “)ssu=¢,—K(K+ 1
™ ™ (41)

1
=¥
Expressions (38) through (41) are valid only if ¢, <

w For a <— there is no
—

distortion although the gain is reduced. Of course, iftm=
1
1L —up

2,1& 1fa> —

and in a sense the

0, the output is zero for a <
distortion is large.

We note from (41) that d — 0 as ¢, — 0 (large sig-
nals) and as ¢, —
There is thus some intermediate value of ¢, at which the
distortion is worst. However, it is not convenient to find
this maximum by differentiating (41). Instead, the 9100A
Calculator was programmed to plot d as a function of y
for various values of m and .p3.

Fig. 10 shows the distortion with no feedback and var-
ious values of m. while Figs. 11, 12 and 13 show the
same values of m, but with 20 dB, 40 dB and 60 dB of
feedback, respectively. The importance of having m > 0
is evident, for with m = 0 the distortion becomes infinite

.’i’. (unless s = 0, in which case d—=<).
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as a 5':- — 1, regardless of the amount of feedback.
d

Fig. 14 shows the maximum distortion (expressed in
dB) as a function of m for the same values of feedback.
Note that for m = 0.6 the maximum distortion is less
than the fundamental by 20 dB -} the feedback.

£,

()

Fla. 10, Crossover distortion, 0 dB feedback.
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