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Nonlinear Distortion Reduction by 
Complementary Distortion * 

J. ROSS MACDONALDt 

Summarll-NoDli.near distortion produced in a given circuit can 
be reduced by pre- or postdistortine the sipal applied to or from the 
circuit. Such complementary distortion cannot reduce the original 
distortion to zero in practice because of distortion of distortion, but it / 
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can result in ereatly reduced output distortion over a limited ampli
tude ranee. General result. for the desip of pre- or postdistoroon e, 
circuit. are given, and the mathematical results are illustrated by 
comparinC the total harmonic distortion. obtained with pre- and 
POBtdiatortion corrections of increaainl complexity applied to a simple 
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nonlinear circuit. 

INTRODUCTION 

T
HE correction of an undesired frequency distor
tion, such as a droop in loudspeaker output at 
low freq uencies , by means of a complementary 

response in the applied signal is well known and often 
used. Somewhat less well known and understood is the 
corresponding technique for reducing nonlinear distor
tion. It is usually stated or implied1,2 that nonlinear dis
tortion such as that arising from the response char
acteristic of Fig. l(a) can be cancelled by passing the 
distorted signal through a circuit having the comple
mentary response characteristic of Fig. l(b). For exam
ple, it is often expected that if the distortion arises only 
from a square-law term, it may be completely cancelled 
by subsequent transmission through a network yielding 
square-law distortion of equal magnitude but opposite 
sign. The present work shows that complete cancellation 
is impossible because of distortion of the original distor
tion and that over-all distortion reduction is only possi
ble over a limited range of input signal amplitude. 

Negative feedback is commonly regarded as the great 
panacea for distortion. Nevertheless, there are instances 

• :\-Ianllscript received by the PGA, July 6, 1959. 
t Texas Instruments Incorporated, Dallas, Tex. 
1 P. A. Reiling, U. S. Patent No. 2,293,628, issued August 18, 

1942. 
t G. Guanella, U. S. Patent No. 2,776,410, issued January 1, 

1957. A means alternative to complementary distortion correction is 
described in this patent. 

e,_ 

(a) Cb) 
Fig. l-{a) Typical input-output characteristic for a nontiuear 

circuit. (b) Input·output characteristic complementary to that 
of (a). 

where its application for nonlinear distortion reduction 
is inconvenient or impossible. Such instances often occur 
at the beginning or end of a signal transmission system. 
In the audio field, it is difficult to generate an error sig
nal to correct any nonlinear distortion arising in a rec
ord pickup. Loudspeaker nonlinear distortion, at the 
opposite end of the system, is usually more important 
because of its greater magnitude . Because of reverbera
tion and phase shifts, it is not generally practical to 
apply negative feedback between the sound output of a 
loudspeaker and its driver. On the other hand, feedback 
derived from a separate winding on the voice coil will be 
imperfectly related to the actual sound output. In this 
instance, where negative feedback is impractical or in
efficient, complementary nonlinear distortion can greatly 
reduce the distortion present in the speaker output. 

There are two ways by which complementary distor
tion correction may be applied. The usual way, which 
will be designated postdistortion, is that illustrated in 
Fig. 1. Here the complementary distortion acts on the 
originally distorted signal. Comparable but not identical 
results can be obtained, however, if the signal is first in-
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tentionally predistorted and then passed through the 
original distorting circuit. Correction of loudspeaker 
nonlinear distortion is an instance where pre- but not 
post-distortion is applicable. 

The practical application of complementary distor
tion requires that the original distortion dependence on 
amplitude be known over the amplitude range of in
terest. If the input-output response characteristic is 
very irregular or has strong discontinuities in slope or 
value, it cannot be well represented by a rapidly con
vergent power series, and complementary distortion 
correction will not be practical. It will therefore be as
sumed that the input-output characteristic is a smooth 
function and can be represented by a power series of the 
form 

(1) 

where M may be finite or infinite, eo is the input signal 
and el the output. The zero-order, or dc term, has been 
omitted for simplicity. 

In general, the a", coefficients will be functions of fre
quency, and the'-complementary distortion circuit will 
then also have to be frequency dependent to yield maxi
mum distortion reduction over the amplitude and fre
quency ranges of interest. In practice, however, the 
coefficients may be frequency independent over much 
of the range. While it is possible to incorporate fre
quency-sensitive nonlinear correcting elements in the 
complementary distortion circuit to compensate for the 
frequency dependence of the original distortion, such 
complications will not be pursued further herein. 

The coefficients of the input-output-characteristic 
power series must be known to allow design of the com
plementary distortion circuit. Haber and Epstein3 have 
given equations which allow these coefficients to be 
calculated from the results of harmonic distortion meas
urements together with measurements of the polarity 
of the harmonics. As shown below, these coefficients 
may then be used to determine the corresponding co
efficients in the power series describing the pre- or post
complementary distortion circuit. Finally, the resulting 
nonlinear characteristic can be realized in a practical 
circuit using diodes and resistors and other components 
and techniques well known in the analog computer art. 
I t should be emphasized that both pre and post-distor
tion techniques are also applicable when the aim is 
not as linear amplification as possible but instead a 
close approximation to some more complicated func
tional relationship between input and output, such as, 
for example, square-law output with minimum linear 
and higher-than-second-order output terms. 

MATHEMATICAL ANALYSIS 

For postdistortion, (1) may be used to represent the 

• F. Haber and B. Epstein, "The parameters of nonlinear devices 
from harmonic measurements," IRE TUNS. ON ELECTRO!,; DEV[CES, 
\'01. ED·5, pp. 26-28; January, 1958. 

characteristic of the device or circuit whose distortion 
is to be reduced by a subsequent complementary distor
tion circuit. The characteristic of the latter may then 
be written 

(2) 

Here the bn's must be determined in terms of the am's 
to minimize resultant distortion. For convenience, in 
the predistortion case (1) will be used to represent the 
initial complementary distortion while (2) will then 
describe the original distorting device or circuit. Thus, 
in this case, the b .. 's are assumed known and the am's 
are to be determined as functions of them. 

Substituting (2) in (1) yields 

(3) 

where the c,'s are new coefficients whose values, deter
mined from (3), appear in the second column of Table I. 
Now 10r zero output distortion in e2, we desire e:= Cleo. 
To obtain the values of am or b,. which make the higher 
orderc,"s zero, we can set these c,'s to zero and solve 
them individually to obtain the desired alII's for predis
tortion or the bOI'S for postdistortion. This procedure 
becomes very arduous as the order increases, and a pref
erable method is to use reversion of series.' 

On setting e2 = CleO equal to (2) and solving for eo, we 
obtain 

1 N 
eo = - L bntl". (4) 

Cl n-I 

If now (1) is reverted to yield eo in terms of et, one ob
tains (see Appendix) an infinite series like (4) and com
parison of terms yields the postdistortion b,.'s directly 
in terms of the am's. The results up to fifth order are 
given in the third column of Table I. Note that when less 
than an infinite number of correction terms are used, 
there will remain residual distortion which, however, 
may be much lower than that originally present. 

A similar procedure can be carried out for predistor
tion. Eq. (4) may be written as 

N 
Clto = L bnel". 

"-I 

Next, this series may be reverted to yield el in terms of 
(cleO) and the result compared with (1). Using Cl =albl, 
the equations of column 4 of Table I are obtained. Col
umns 3 and 4 of Table I are the basic results of the pres
ent work. Although expressions connecting the coeffi
cients have only been stated to the fifth order, higher
order terms may be readily obtained from the corre
sponding known expressions tabulated in the reversion 
of series method.' 

• H. B. Dwight, -Tables of Integrals and Other Mathematical 
Data, � 3rd Ed., The Macmillan Co., New York, K Y., p. 11; 1947. 
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TABLE I 
EXPRESSIONS FOR Ci, bi, AND a; 

i 
Postdistortion, c, '" 0 Predistortion, e, ... 0 

c. b, a, 

. 1 alb, b, a, 
--

2 a,i1t + a,'b, 

I 
-(�) as et) - - IJ.: 

a,% b, 
--

i ( � ) (2a,' - ala,) Cl') J a,b, + 2a,a�! + a,'b, I b;i (2b,2 - bib,) 
n,� --

I 
I (�) [5az(a,as - a,') - a,!a,] 4 ail, + (a2' + 2a,a,)b, + 3a,2a,ba + a,'b. 

a,s 
Cl) - [5b2(b,bl - b,') - b,'b,] 

b,S 
--

a,b, + [2(a,a. + a,a.) lb, + [3(a,'a, + a,a22)]b, ( �) [6a,2a�. + 3a,2a,' 
5 + [4aI'as]b. + a,·b. 

a,' 
+ 14a,� - a,'a, - 21a,as2a,] 

- [6b,'bob. + 3b, 'ba' et') i1t� • 

+ 14h,' - b,'b. - 21b,b,'b,] 

The above reversion procedure shows that for either 
pre- or postdistortion correction to yield ez = CleO ex
actly, an infinite number of complementary correction 
terms will be required. For postdistortion, for example, 
each correction term acts on the original distortion to 
create higher-order distortion terms which, in turn, re
quire the presence of higher-order correction terms to 
eliminate them and so on. Further, the larger the num
ber of correction terms, the smaller in general the ampli
tude range over which reduced distortion is obtained. 
Nevertheless, a finite number of pre- or postcorrection 
terms can effect a very significant improvement in non
linear distortion over a finite and important amplitude 
range. 

EXA!rIPLE 

The square-law distortion case, being simplest, will be 
used to show how complementary distortion may be 
applied for over-all distortion reduction. This case is 
useful also as an example since it can be solved directly, 
as shown in the Appendix. For predistortion, we shall 
take N=2 so that es=b1el+b2e12, while M=2 for post
distortion yields el=aleO+a2e02• As an illustration, we 
shall investigate in both cases how the residual total 
harmonic distortion (THD) varies with normalized 
amplitude when C2=0 only (one correction term), when 
C�=C3=0, and when C2=Ca=e.=0. 

For both pre- and postdistortion, the procedure is to 
substitute the values of a", or bIt which make the desired 
er's zero into the higher-order e's and thus evaluate the 
residual, nonzero distortion. The results of such a calcu
lation with no distortion terms omitted are summarized 
in Table 11. For convenience, we have sec al=b1=1 in 
the results of Table 11. The quantities al and bl are 
merely scale factors such as amplification factors, and 
no significant generality is lost by taking them unity. 
It should be emphasized that these results are pertinent 
only to the square-law distortion case, as shown by the 

Cl 
c. 

c. 

c. 

cr 

C� 

(9 

TABLE II 
EXPRESSIONS FOR NONZERO et's IN VARIOUS PRE- AND 

POSTDISTORTlON CASES 

e,=O C,�CI"O I C2"CI"C�=O 
Pre Post Pre I Post Pre Post 

-2b,' -2a,' 0 

I 
0 0 0 

bt' -a,' 5b.' Sas' 0 0 

I 0 0 -4b,' I 6a,' -14b,� -14a,� 

I 
0 0 4b,' 2a,' 14b,' -28a,' 

0 () 0 0 -20b,' -20a,' 

I 0 0 0 0 25b,T I -Sa,T , 
() o o . I 0 o o 

appearance of only lt1 and bt• More complicated results 
would be obtained for cubic distortion or for a combina
tion of quadratic and cubic distortion. 

Next, the results of Table 11 together with 

may be used to obtain the harmonic distortion terms in 
each case. If one takes eo = A cos wt and expresses all 
powers of cos wt as harmonic terms, one finally obtains 
the finite series of harmonics pertinent to each case. 
For example, for e2 =0 and predistortion, the result is 

or 

(5) 

e2 = [A - (3b22A3/2)] coswl + (b2IA4/2) cos 2wt 

- (b22A3/4) cos 3wl + (b23A'/8) cos4wt, (5) 
where dc terms have again been omitted. 
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In general, we may write 

e2 = L c,eo' == L h, cos rwt E A L g, cos rwt, 

Rather than compare the predictions of these different 
cases by comparing individual harmonic behavior 

(6) graphically. the THD's of the various cases will be com
pared as functions of x. We may write 

where the hr's are the harmonic amplitudes and g, 
=h,./A. Next, let x=AG2=Aa:/al and x=Ab2=Ab:/bl 
for post- or predistortion, respectively. Here x is a nor
malized distortion amplitude variable. as shown by the 
result 

(7) 
= alA cos Wi[l + x cos wtJ. 

In the present case, x clearly measures the relative im
portance of the original square-law or second-harmonic 
distortion term. For small x, in fact, x equals twice the 
original, uncorrected THD. The normalized harmonics, 
g" can now be expressed entirely in terms of x and the 
results are summarized in Table 11 I. 

[ E h,.� 1/2 [E g,2] 1/2 

THD= -- = --
L h,2 L g,2 
r-l r-l ' 

(8) 

Note that gl may reach zero in most of the cases of 
Table Ill. In such cases, the THD will be unity and 
there will be no fundamental component present. The 
THD is sometimes written as 

(9) 

and would be infinite at the points where hi or gl were 
zero. The distinction between the two forms is .only 
important for high values of THD anyway, and this is 
generally not the region of most physical interest. 

TABLE III 

NORMALIZED H."'RMONIC AMPLITUDES AS FUNCTIONS OF x FOR VARIOUS CASES 

No Corrections e. = 0 e, = c, = 0 I e. - c, = c, = 0 

Case B C D E F G A Pre Post Pre Post Pre Post 

3 3 5 15 Sx' Sx' gl 1 1 - -x' 1 - -x' 1 - -x' 1 +-x' 1 - - (28 + 35x2) 1 - - (28 + 35.1'2) 2 2 2 4 16 16 

x x3 x' 5 5x' 3S 35 g! - - - - -x3(4+3x2) - (8 + 3x2) - x6(3 + 5x') - -x"(6 + x2) 
2 2 2 8 16 16 16 

x' 

I 
x2 5 15 35 35 

g. 0 -- - - -- x' -x' - - .1"(2 + 3x') - - .1"(2 + 3x') 
2 2 4 8 16 16 

I 
.1'3 x' X' x3 x6 xi 

g, 0 - - - - (5 + 6x') - (5 + 3x2) - (84 + 175x2) 

I 
- (168 + 35x') 

8 8 8 8 32 32 

x' 3 x' x' 
g. 0 0 0 - - -x4 - - (14 + 35x') - - (14 + 35x') 4 I 8 16 16 

i xi :r' xi xi 
gl 0 0 I 0 - - - (7 + 25x') -- (14 + 5x') 

8 16 16 16 
, 

K7 0 0 0 0 0 
5 5 

-- x' -- x' 
16 16 

25 5 
gl 0 0 0 0 0 _-XT _ - x' 

128 128 

g. 0 I 0 I 0 I 0 0 I 0 0 
I I 
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The dependence on x of per cent THO calculated 
from (8) with the help of Table III is shown in Fig. 2. 
The cases shown pertain to predistortion only. There is 
no difference between the pre- and postdistortion 

Tl-ID's in cM�� Band C. Th� limiting slopes for small x 
are, reading upwards, 4, 3, 2, and 1. Note that F yields 
minimum THO for x<0.31, while D is better than BC 
for x <0.21, and A (no correction) is be tter than BC for 
x> 0.53. I n general, the more correction terms present, 
the smaller the value of x below which the corrected 
THO is less than the uncorrec ted value. Nevertheless, 
when x is small, several correction terms can greatly 
reduce the over-all distortion. For an uncorrected THO 
of 2 per cent, three-term predistortion correction (case 
F) reduces the THO to about 0.0011 per cent. 

Finally, Fig. 3 shows a comparison between the pre
and postdistortion cases for C2 = Ca = 0 and for C2 = C3 
= c. = O. The quantity R is the ratio of the postdistor
tion THD to that for predistortion . These curves show 
that postdistortion results in somewhat lower THD than 
predistortion when two correction terms are used, but 
that the reverse is the case when three correction terms 
are used. In the region of considerable distortion im
provement however, say for x � 0.2, there is no signifi
cant difference between the pre- and postdistortion cor
rections. Thus, which of the two methods to use in prac
tical cases can be determined solely on the basis of ap

plicability or simplicity. 

.\PPE�DlX 

Given simple square-law distortion of the form el 
=aleO+/heo2, we can revert this finite series direc tly to 

obtain 

(l0) 

Comparison with (4) yields Cl = a1b1 and the values of 
bt and b3 given in the postdistortion column of Table I 
(with a3=0). 

The series expansion in (11) on which the reversion 
solution is based is only convergent for l 4lhedal2 1 < 1. 
This condition may be written 

or 

Now the only maxima of the left-hand side, considered 
as a function of (wt), which will satisfy the inequality is 
that obtained for cos wt=O. Thus, the most restrictive 
condition following from (12a) is 

I x + x21 < t. (12b) 

./. 10° 
THD 

0., o.� 
• 

0.4 

Fig. l-Log-log plots of per cent total harmonic distortion in various 
cases (defined in Table Ill) vs the normalized distortion vari
able x for original SQuare-law distortion only. 

".---r---.---,---,----,---.---. 

12 

11 

10 1--"'--........,-=---- ---- -------- ------

0.9 
R 

08 

0.7 

0.6 

0.' 

Fig. 3-Total harmonic distortion with postdistortion divided 
by that with predistortion vs x. 

Replacing the inequality by an equality and solving ior 
x yields x=(v'l-t) =0.207. This result shows that i:l 
the present case the reversion solution with an infin i te 
number of power-law correction terms is convergent for 
x <0.207. For smaller x, an infinite number of comple
mentary distortion terms may be used to correct com
pletely (in principle) for the origi nal distortion. When 
x;::: O. 207, complemen tary distortion correction wi th 
an infinite number of correction terms is impossible, 
but Fig. 2 shows that some improvement with a fini te 
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number of terms is still possible for x somewhat greater 
than 0.207. 

In the present simple case, there is an alternative to 
the reversion solution which will allow complete distor
tion correction for a different range of x. \Ve wish to 
obtain e2 = CleO, with all higher-order terms zero. From 
(10), this equation may be written 

(13) 

If Cl, ai, and � are known, the output el from the non
linear circuit whose nonlinearity is to be corrected may 
Je passed through an analog computer which operates 
m el in accordance with (13) to produce the undistorted 
mtput C2 = CleO. Eq. (13) can only be applied when the 
'adicand is not less than zero. This condition leads to 

(4x cos "'t){l + x cos ",I] � - 1. (14) 
The most restrictive condition is cos wt = - 1 , leading to 
4x -4x2 = 1. The solution of this equation is x =!, the 
maximum value permitted. 

I t should be emphasized that a closed-form reversion 
of the type illustrated by (10) is only po�sible in the 
simplest cases. In general, the series-reversion method 
must be used with a finite number of (orrection term�, 
leaving finite residual distortion . Further, as the com
plexity of the distortion to be corrected increases, it is 
likely that the range over which effective distortion re
duction can he produced will diminish. 
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Comments on "Non-linear Distor
tion Reduction by Complementary 
Distortion" * 

It was with great interest that I read 
J. Ross Macdonald's article in the Septem
ber-Dctober Transactions on Audio.l There 
are two reasons for this interest. One is that 
practical techniques for this sort of distor
tion reduction have been used by myself and 
others for some years. The second is that 
hav:ng thought about this problem a bit, I 
have a couple of comments on this type of 
analysis. 

The type of circuit used to obtain com
plementary distortion cancellation is shown 
in Fig. 1. A simple voltage amplifier is fol
lowed by a cathode follower. I t is very con
venient to use a connect ion of this sort be
cause of the common availability of two 
triodes i� single envelope. There are dis
tinct advantages to the use of two tubes as 
a single amplifier. In the first place, the gain 
of the combination is essentially independent 
of the load and the output impedance of 
the amplifier is low. In the second placet 
there is the advantage of distortion reduc-

Fig. t. 

tion by complementary distortion. The volt
age amplifier and the cathode follower have 
transfer curves with opposite curvature and 
the total distortion produced in the com
bination is considerably less than that found 
in either the voltage amplifier or the cath
ode follower alone. It may at first seem some
what of a surprise to find that distortion de
creases as one proceeds down the line of am
plifier stages in such a connection but appar
ently it is exactly the sort of phenomena 
which Macdonald describes which is taking 
place. If some care is taken in selecting the 
operating points of the two stages, it will be 
found that a very low value of total har
monic distortion may be achieved. 

I would like at the same time to present 
. the following comment on Macdonald's 

statements. He states that it is not possible 

to cancel a square law distortion component 
with a second square law component of dis
tortion and this is certainly the case. This 
result would seem to indicate that since it is 
indeed not a square law distortion of one 
sign which cancels a square law d istortion of 
another sign, but rather some other form of 
di�tortion, we 5hould then not expect to form 
a complementary transfer characteristic in 
this'manner. The required transfer charac
teristic will have to be formed out of many 
higher-order terms. This result is indicated 
by the analysis. However, it is unfortunate 
to say that such cancellation is impossible. 
Certainly we can conceive of the correctly 
shaped transfer curve such that the over-all 
transfer characteristic is a straight line. The 
shape of this required transfer characteristic 
would probably be described by an infinitude 
of harmonic terms, of course. But it is for
tunate that such a characteristic may be 
very much easier to synthesize than to an
alyze. 

The fact that Macdonald did not work 
out an infinitude of terms (and have a very 
long paper indeed) should not be taken as an 
absolute denial to the perfectionist that it is 
possible to resurrect a distorted signal by 
complementary distortion. 

R. A. GREINER 
Dept. of Elec. Engr. 

University of Wisconsin 
Madison, Wis. 



Comments on "Nonlinear Distortion 

Reduction by Complementary 
Distortion "* 

In his recent paper,l Dr. Macdonald 
states that "complete cancellation [of dis
tortion ] is impossible because of distortion 
of the original distortion, and that over-all 
distortion reduction is only possible over a 
limited range of input signal amplitude. " 
It appears to this writer that this conclusion 
is based upon the mathematical modelchosen, 
and not upon physical reasoning. Consider 
the system of Fig. I, in which two complc
mentarily distorting transducers having 
nonlinear transfer functions Tl and T2 are 
connected in tandem . The over-all gain of 
the pair is to be linear and is taken as unity 
lince this corresponds to the case considered 
by Dr. Macdonald. The condition to be 
attained is that 

(1) 

Fig. 1. 

If we represent Tl as a power series in eo, i.e., 

.. 
L a.eo" 
__ 0 

Tl = ----

then to satisfy (1) we have 

eo T2= -.. --

La"eo" 
.. _0 

(2) 

(3) 

In (3), T2 is defined in terms of i ts output 
voltage rather than its input voltage. There 
is no special merit in defining T2 in terms of 
its input voltage el. In particular, if a non
linear network approximating Tl can be 
realized, then a similar network can be used 
to simulate T2 to the same degree of accuracy 
by simple transfer function inversion tech
niques. 

Consider, for example, the case in which 
a two-terminal nonlinear network N such as 
a combination of diodes and resistors is con
nected as shown in Fig. 2(a). The RM ampli
fier is presumed to have very low input im
pedance. The input current is controlled by 
the non linear element 

(4) 

Hence, 

(5) 
and 

(6) 

The complementary circuit is shown in Fig. 
2(b), in which the non linear element is iden
tical to tha t of Fig. 2(a), and the GM ampli
fler is presumed to have a high output im
pedance. To calculate T2 we presume an out
put voltage of eo. Hence, the output current 
IS 

so that 

and 

··f 
. 
r;:, e, Q 

iout j(eo) 
el--= --

G.\[ GM 

tiff 
-

(a) 

(b) 
Fig. 2. 

(7) 

(8) 

(9) 

The over-all transfer function is 

Equating (5) and (8), we see that RMGM 
must be unity. 

It is noted, that with this general ap
proach, the distinction between predistor
tion and postdistortion disappears, since we 
may assign the roles of correcting element 
and element to be corrected arbitrarily to 
either Tl or T2• Furthermore, the range of 
input amplitude over which the system' may 
be expected to work is limited only by a zero 
in the derivative of el with respect to eo, 
since this would imply infinite gain in the 
complementary element. 

F. D. WALDHAUER 
Bell Telephone Labs 

Murray Hill, N. J. 



Reply to Comments on "N'onlinear 
Distortion Reduction by Com

plementary Distortion"· 

It is stimulating and valuable when a 
paper arouses sufficient interest that readers 
take time to write comments on it.  An au
thor almost prefers negative comments than 
none at all,  since this response at least indi
cates the paper has been read. Therefore, I 
wish to begin my reply to the correspond
ents who discussed my paper [ 1 )  by thank
ing them for their helpful comments, which 
not only serve to i l lumi nate the subject i n  
question further b u t  give me t h e  oppor
tunity to make a few additional informa l re
marks. 

Greiner [2) mentions that practical tech
niques for complementary distortion reduc
tion have been used by him and others for 
some years and presents an amplifier-cath
ode follower combination as an example. I t  
would be most valuable t o  the readers of 
these TRANSACTIo:-;s interested in the pres
ent subject if he would, in future corre
spondence, either give references to published 
work in this field by himself or others or 
perhaps submi t a short paper giving quanti
tative results of measurements made on his 
complementary distortion reduction cir
cui ts. I believe no one would question his 
remark that the use of a s ingle-tube volt
age ampli fier followed by a cathode follower 
can yield less non linear distortion than the 
voltage amplifier alone. Because of the 
generally considerablv lower distortion of a 
well-designed cathod� follower than a single
tube voltage ampli fier, it is surprising that 
the serial com bi nation of the two can, ac
cording to Greiner, y ield less distortion than 
the cathode follower ( presumably operating 
at the same output level) alone. Such a re
sult must  req uire rather special operating 
conditions, and Greiner has performed a use
ful service by poi nt i n g  out its possibility. 
E" en more useful would be speci fic meas
ured results substant iat ing the elTect i n  
question. 

The author was dra w n  to speculate about 
com plementary d istortion reduction by 
fleeti ng references ( now lost) in the litera
ture on "second harmonic cancellation , " and 
by the surprising resu lts of harmonic and 
i ntermodulation distortion measurements 
m ade on an acti" e audio filter b uilt in 
1955 [3J . Thi s  de" ice uses circuits i nvolving 
cathode followers in combinations somewhat 
s im ilar to that arl\-ocated by Greiner, and 
i t  was found that careful adjustment and 
stabili zat ion of B + and B - voltages and 
heater curren t  allowed great ly reduced out
put second harmonic and i n termodu lation 
distort ion to be obta ined as compared to 
that with unadj usted bias voltages and cur
ren ts.  I t  is i nterest ing to compare Fig. 8 of , 
this paper [J J ( i n termod u lat ion distortion vs 
output voltage) with Fig. 2 of the comple
mentar]' distortion paper [ 1 1  ( total harmonic 
distortion vs a quant ity which is propor
t ional to output vol tage a mplitude if the 
total distortion is not " ery high) .  I n spite 
of the difference between i ntermodulation 
and harmonic distortion,  there is great simi
larity between t he cu rves, indicat ing, a s  
,tated in the text [ 3 J ,  that proper operati n g  

• Rrceived b y  the PGA, April 29, 1960. 
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points can here yield a linearized input-out
put transfer characteristic. This result shows 
that whenever one can conveniently adjust 
and stabilize the operating points of a c ir
cuit,  adj ustment for minimum output dis
tortion should be made to take advantage 
of whatever built-in com plementary dis
tortion reduction is possible. Two ret'ent 
publicat ions which explicitly use non linear 
complementary distortion networks to pro
duce reduced o\'er-all distortion are ci ted 
[41, [SI . 

Greiner's second point is that it  is not 
impossible to obtain complete harmonic dis
tortion cancellation by complementary dis
tortion as stated in my paper. I agree with 
Greiner's conclusion; in the paper, my con
trary conclusion was not su fficiently re
stricted to stand correct as written. The pa
per · showed that an i n fi ni te number of 
complementary correction terms were re
quired to cancel completely a given distor
tion by the techniques proposed in the 
paper. It should have been made clear that 
there is no necessity to have a one-to-one 
correspondence between correctin g  terms in 
the completementary series and comple
mentary distortion networks. I n  ideal cases, 
a single correction network (see later discus
sion ) may be used to realize the required 
transfer characteristic. 

It is generally beli eved that negative 
feedback can only reduce but not eli m inate 
non li near d istortion, An i ngenious feedback 
arrangement due to Guanella [61 has been 
shown theoretically and experimentally [ 7 J  
t o  allow complete cancellation o f  n o n l i t:ear 
distortion and interference. Thus, here is 
another method d ifferent in kind from 
complementary distortion reduction which 
shows that, unlike taxes, distortion need not 
always be with us. 

Klipsch [8J has stated that whi le com
plementary distortion reduction can be ac
complished for single frequencies, the resto
ra tion or u ndoi ng of modulation d istortion 
occurri n g  with multiple i n put frequencies is 
impossible. [ am grateful to h i m  for bringing 
u p  this  matter si nce his sta tements repre
sent a rather commonly held viewpoi nt 
which probably should have been discu ssed 
in my paper. Actually, com plementary dis
tortion can produce the effect of u n m odulat
ing ( not demodulating) an i n termodulation 
signal and can thus work as well with m u l
tiple as with s i ngle frequency input signals. 
Consider second harmonic distortion fol
lowed by postdistortiol1 complemen tary dis
tortion correction.  The output of the origi nal 
distorting circuit may be written as C l  = a le" 
+a,eo'. With an i nput signal consisting of 
two sinusoids of frequencies j. and f', the eo' 
term produces i n  the output el signal com
ponents having frequencies of (h +fl) and 
(fs -fl ). It is often though t  that once such 
modulation terms appear, nothing can be 
done about it. This is  not so. After the out
put t, has been passed through a perfect 
postdistortion circuit of gai n  b), the result
i ng output will be just (llbleo and will contain 
no distortion of a n y  kind [ I J . Rather than 
unmodulating the modulated signal ,  a mani
fest impossibility and the root of Klipsc h's  
com ment, the postdistortion circuit  gener
ates a new distorted signal which has modu
lated cO �lponents of the proper am plitudes 
and phases in relation to those a t  its input 
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that the combination yields zero, and the 
fi nal output consists only of the am plified 
but undistorted input. 

These statements may be illustrated for a 
simple and imperfect postdistortion circuit 
which only eliminates direct square-law 
distortion but leaves distort ion of distortion 
components in the output, The input signal 
e, to the postdistortion circuit may be writ
ten e, - alt. ( 1 +e) , where e -a.eo/al and will 
be considerably less than unity in a practical 
circuit. With this input, the final postdis
tortion output may be expressed as ( 1 )  
e. = alb,to ( 1 - 2f' -e') .  With perfect correc
tion, the t terms would be zero, Si nce e < < I ,  
the .t and " terms will, however, b e  very 
small indeed. N ote t hat the output contains 
no direct square-law term. I\ ow if eo again  
involves the frequency /I and f2' the second 
term in et will involve the frequencies 3f" 
3ft, (2f, +h), ( 2f, -f. ),  (2j. +M, and ( 2fs 

-M. The third term will additionally yield 
the frequncies 2f" 4f" 2j., 4ft, (f2 +f, ) ,  

(f� -M, (3f, +fs) ,  (3f, -fs) ,  (3j. +M, ( 3fs 
-M, (2j. +2fd, and ( 2j. -2M. But notice 
that the coefficients determining the magni
tude of these terms will be very small, and, 
in particular, whereas the original (f2+fd 

" and (ft -f. ) components arose from a term -
of relative magnitude <, the final output 
components i nvolving ( '. +f, ) and U2 -fd 
arise from a ttonn of rt!lalivt! J l Iaglli ludto t' 
which will be much smaller. 

The "insertion-distortion factor" intro
duced by Cimagalli (9) seems to be a useful 
measure of the change in total harmonic 
distortion produced by the insertion of a n  
extra ele�lent o r  circuit i n  a transmission 
chai n .  A similar factor based on intermodu
lation rather than harominic distortion 
m ight also be valuable. Finally, another 
quantity of usef u l n ess might be the nor
malized distortion factor, equal to the distor
tion ( harmonic or i n termodulatio n )  obtained 
after insertion of the new element or circuit 
divided by the origi nal distortion. This 
quantity wou ld han the virtue of goi ng to 
zero as the distort ion went to zero and of 
being a direct ratio measure of the distortion 
improvement or increase. 

\\"aldhauer [ l OJ has made a valuable con
tri bution by poi nti ng out that com ple
mentary distor tion correction can yield zero 
output distort ion and by showing rather 
explicitly how the complementary distor
tion circuit can be realized for complete dis
tortion cancellation in a simple way. \Vhen 
th is  method is conveniently applicable, it i s  
certainly t h e  onc t o  employ. I t  involves 
either having available another circuit ex
actly like that to be corrected or, alter
nati,'ely, ha," ing avai lable the complete or 
an approximate specification of the non
li near transfer characteristic to be corrected. 
This  characteristic must then be real i zed 
by whatever means are avai lable and appli
cable. Then transfer function inversion is 
req uired. \\"hi le it is easy to i nvert the 
characterist ic of the two-termi nal network 
d i scussed by Waldhauer, inyersion of t h ree 
or four term inal networks will generally re
lluire negative feedback which, in some 
cases, might be better applied to the original 
circuit directly, 

M y  colleague, J .  P. Pritchard, has also 
poi nted out t hat Wald hauer's development 
and his conclusion that perfect distortion 



correction is possible depend on his assump
tions of very low and very high output im
pedances for the two amplifiers of his  Fig.  2. 
Because these amplifiers wil l  not i n  practice 
have zero and infinite output im pedances, 
perfect distortion correction by Waldhauer's 
techniq ues will not be possible or will  only 
be approximately rea lizable in pract ical 
cases over a limited amplit ude range. These 
considerations lead again to one of the main 
conclusions of my article, namely that per
fect nonlinear d istortion correction over an 
i ndefinitely large input amplit ude ra nge is 
i m possible. This is not usually a serious re
striction, however, since amplitude ranges of 
i nterest are always l imited . In part icular, if 
the distortion to be corrected arises from a 
relatively expensive output transformer a n d  
pair o f  power tubes, one would n o t  want to 
d uplicate this equipment and then invert 
the resulting characteristic in order to 
achieve distortion cancellation. In this 
case, the proced ures of Holbrook [4J and 
Sklar [SJ are preferable. They amou nt to a 
partial realization of the ideal comple
mentary distortion reduction method s  dis
cussed by the author and by Waldhauer. 

Waldhauer also mentions that the dis
tinction between pre- - and postd istortion 
disappears when his procedure is u sed . The 
author also stated that either the first or the 
secoud circuit in the translIIi:.sion chain 
could be either the distortion producing ele
ment of the distortion correcting element. 
When complete distortion cancellation is 
achieved, there is natural ly no di fference in 
the output whether pre- or postdistortion is 
u sed. Only when i ncomplete correction is 
used wi l l  there by a small d ifference in the 
character of the respective partly corrected 
outputs. As shown in Fig. 3 of the paper i n  
q uestion [ I J , this  di fference wi l l  usually be 
negligible in signal ranges of i n terest. 

Finally, I wish to take this opportu nity 
to correct the fol lowing print ing errors i n  the 
paper : 

Eq . (S) should read eu' instead of ko' ;  
Second line above ( 1 2b )  should read 

cos ",1 = 1 ;  

Eq. ( 1 3 )  should read a l  instead of a .  

J .  Ross M ACDOr.;ALD 
Central Research Labs. 
Texas I nstruments I n c.  

Dallas,  Tex. 
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