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The story is told of the English child during the war who, 
on learning of an impending bread shortage, remarked that 
this wouldn't bother him as he always ate toast. Something 
of the same outlook has all too often been evident in the at
titude toward the amplifier-loudspeaker interface. We mea
sure amplifiers with well-defined resistive loads, but we lis
ten with loudspeakers, and loudspeakers present anything 
but a constant, well-behaved load to the amplifier. This can 
lead to a number of problems, and it is becoming widely 
recognized that an amplifier which "works just fine" on the 
test bench may not perform so well in actual operation. To 
see what some of the effects of non-ideal loads on amplifiers 
are is th� purpose of this article. 

The Loudspeaker 
Loudspeaker manufacturers specify a nominal or "rated" 

impedance for their products, usually 4 or 8 ohms. This 
specification is not without value, but we shouldn't forget 
that the impedance of a loudspeaker actually exhibits con
siderable variation with frequency. Partly this is determined 
by the designer's choice of crossover network parameters, 
etc., but it is also to some extent inherent in the physical 
principles of operation of the loudspeaker mechanism itself. 
Figure 1 shows the measured impedance of a typical three
way air suspension system rated at 4 ohms. 

Now, at first glance, it might seem that these impedance 
variations would be very undesirable from the standpoint of 
the power available from the amplifier. Since an amplifier is 
very nearly a constant-voltage source, the power output is 
inversely proportional to load impedance; the higher the 
impedance, the smaller the available power. For example, if 
the unit shown in Fig. 1 is driven at 6.32 V-or 10 W into the 
rated 4 ohm impedance-a power meter would show that 
the actual power would vary from about 11 W to about 1 W, 
depending on frequency. This might seem highly undesir
able, but in fact it is not. Loudspeakers are designed for flat 
frequency response with a constant drive voltage, not con
stant power. There is no problem here, except that amplifier 
meters labeled in watts are meaningless. (For a further dis
cussion, see refs. 1, 2, 3. ) 

The problems caused by impedance variations come from 
a different direction, namely from the fact that an imped
ance which varies with frequency exhibits a reactive, as well 
as a resistive, component. A reactance is non-dissipative; it 
can only store energy, not put it to use. Such stored energy 
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is unavailable for conversion into acoustical energy. What's 
worse, this stored energy must go somewhere, and that 
somewhere is back into the amplifier, where it can cause 
trouble. 

Before we look at what some of these troubles are, we 
need to take a moment to clarify some terminology. Imped
ance is a complex quantity; that is, it has Cwo dimensions, 
not just one. We can express this by saying that it has a real 
(or resistive) part and an imaginary (or reactive) part, and 
write this as Z = R ± jX where R is resistance and X is reac
tance. A very useful alternative expression is to � the 
magnitude (or modulus) of the impedance: Iz I = VR2 + � 
The other dimension is then expressed as a phase angle: L Z 

= tan-I �. What we usually offhandedly call "impedance" is 
actually only the magnitude of the impedance: to be com
pletely accurate we should also give the phase angle. The 
impedance in Fig. 1 is thus boch curves taken together. Hab
itually speaking of the magnitude only makes it easy to over
look the reactive component. 

Small-Signal Effects 
Reactive loading can affect both the large-signal and the 

small-signal performance of an amplifier. The small-signal 
effects have to do chiefly with the feedback stability and the 
dynamic response of the amplifier. 

An amplifier can be modeled by a forward gain path A VOL 
with an internal impedance Zo , enclosed in a feedback loop 
giving a closed-loop overall gain of A vOL (Fig. 2) (Zo here 
should not be confused with the output impedance of the 
complete amplifier, which is Zo divided by the loop gain.) 
For stability the phase shift at unity loop gain must not ex
ceed 1800, and for satisfactOry dynamic (transient) response, 
some phase margin is necessary, limiting the loop phase 
shift to 120° or perhaps 135°. In terms of the familiar Bode 
plot, Fig. 3a, this means that the curve of the forward gain 
must intersect the curve of the closed-loop gain with a slope 
not much greater than 6 dB/octave, and all higher break
points must lie some distance above this frequency. 

The feedback voltage is taken from the junction of Zo and 
the load, point X in Fig. 2. Zo, which may be comparable to 
the load impedance depending on the circuit configuration, 
forms a voltage divider for the feedback in conjunction with 
the load impedance. Suppose now that the load is inductive, 
so that its impedance increases with frequency. Unless Zo is 
quite small, this means that the feedback voltage will also in
crease. With luck, this can provide a degree of lead com
pensation, but more often the result is that the loop band
width is extended so that higher frequency poles begin to 
contribute to instability, as depicted in Fig. 3b. Alternately, a 
capacitive load will tend to roll off the feedback with in
creasing frequency, and so the slope of the forward gain 
curve is increased and instability results (Fig. 3c). 

As if this were not enough, in many circuits Zo is not con
stant but rather increases at higher frequencies due to hIe 
falloff in the output transistors, etc. Zo will thus have an in
ductive component, and should the load be capacitive, a 
second-order LC filter will be formed for the feedback sig
nal, contributi ng an additional 12 dB/octave rolloff. This 
leads to oscillation. Often a fairly small capacitance (10 nF to 
0. 1 �F) will be more troublesome than a large capacitance, 
since the latter may spread the poles farther apart and give a 
less rapid roll off. 

The cure for these woes is the addition of load isolation or 
stabilizing networks to the amplifier output. The simple RC 
network in Fig. 4a loads down the amplifier at high fre
quencies, avoiding the situation of Fig. 3b with inductive 
loads (which are typical of moving-coil loudspeakers), and 
with the rise in AvOL which some configurations exhibit 
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without load. A more thoroughgoing method is the use of 
the LCR network. A series inductor with rising impedance at 
higher frequencies is added to prevent capacitive loads 
from loading down the amplifier too much. The preferred 
form of this network, Fig. 4b, can be made to effect a 
smooth transfer of the amplifier from the external load to 
the resistor R at a suitable frequency above the audio range 
(Ref. 4). Load isolation networks are sometimes accused of 
ringing, but with proper design this is not so; most of the 
ringing is attributable to reduced feedback phase margin in 
the amplifier. 

The small-signal effects are manifested mostly at fre
quencies well above the audio range. The nature of the 
loudspeaker load is consequently quite important in this re
gion also. Loudspeaker impedance is usually measured only 
to 20 kHz, but for some time now one manufacturer has 
been measuring all new designs out to 1 MHz after it had 
been discovered that an unexpected impedance dip around 
200 kHz had been causing problems with a certain amplifier. 

Large-Signal Effects 
The major difficulties arising from reactive loading are as

sociated with the large-signal area. Unlike the small-signal 
case, where the amplifier as a whole is involved, the large
signal effects are confined almost entirely to the output 
stage. 

One of the most important effects of reactive loading is its 
influence on the power dissipation in the output devices of 
an amplifier. Probably the best way to see how this happens 
is to examine the load line, which is a plot of VCE and Ic for a 
specified load. 

If the load is resistive, the load line will consist of straight 
line segments as in Fig. 5b (here, and in what follows, a,n 
ideal class-B circuit is assumed). The line 1-2 represents all 
values of VCE and Ic during the "on" half-cycle, and the line 
1-3 shows that Ic = 0 during the "off" half-cycle. The slope 
of the line 1-2 is determined by the load; if the solid line 
represents 4 ohms, for instance, the dashed line would show 
8 ohms. 

An important property of the load line graph is that it also 
implicitly shows the power dissipation of PT in the output 
device, since it relates V CE to Ic and PT = V CEIc. During the 
"off" half-cycle, PT is obviously zero. During the "on" half
cycle, PT is small when the output voltage Vo is near zero 
(point 1 in Fig. 5b). As the output voltage begins to increase, 
current flows into the load and Ic increases. At first PT in
creases, but since V CE decreases as Vo increases, PT begins to 
fall, and when the crest of Vo is reached (point 2 in Fig. 5b) 
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PT is again very small. The overall dissipation is thus com
paratively small, and the operating conditions of the output 
device are quite favorable . 

The situation is much different if the load is reactive. I n a 
resistance, current and voltage are in phase; but in a reac
tance, the current and voltage are displaced from one an
other by the amount of the phase angle, and the minima 
and maxima of the current and voltage waveforms no longer 
coincide. If such a load line is plotted, the resulting curve is 
not a straight line but becomes elliptical. As the phase angle 
increases, the ellipse becomes broader (Fig. 6). 

A comparison of these elliptical load lines to the resistive 
case yields some unwelcome facts. Consider the point of 
zero Va, where VCE = Vcc. For a resistive load, PT is zero 
(point 1 in Fig. 5b), but for a reactive load there is a signifi
cant flow of Ic at this point, and hence considerable dis
sipation. Or take the "off" half-cycle; here again there is a 
substantial flow of Ic in the reactive case compared to zero 
for a resistance. This is particularly undesirable, since the 
combination of high VCE and high Ic can initiate secondary 
breakdown, resulting in a catastrophic destruction of the 
output transistors. 

Additional insight can be gained if the curve of the max
imum permissible dissipation-the "safe operating area" 
(SOA) curve-is added to the diagram. This is done in Fig. 7. 
The resistive load line (a) remains comfortably within the 
SOA. But a reactive load of the same impedance magnitud� 
(b) fills and even somewhat exceeds the SOA . . Reactive load 
lines in general use the available territory less efficiently; 
they bulge out just about where the SOA curve dips inward. 

It is a little difficult to get a quantitative picture from the 
load line diagram, so in Fig. 8 the dissipation PT has been 
plotted over one complete cycle, normalized to a peak out
put of 1 W (or 1 VA). The dissipation is seen to increase sub
stantially as the load phase angle increases. With a purely re
active load (90°) the maximum PT is over five times as great 
as for a resistive (0°) load. Integrating or averaging PT over 
time gives the average dissipation p , which determines the 
heat sink requirements of the amplilier. This is shown in Fig. 
9, with a resistive load taken as unity. Here again there is a 
significant, if not quite so dramatic, increase in dissipation as 
the load becomes more and more reactive. 

It is now time to introduce a complicating factor. So far, 
operation at full output has been assumed, but in fact the 
dissipation is a function of output level. We can include this 
factor by introducing a "drive factor" k, which varies from 0 
to 1 (or 0 to 100 per cent). Note that k is in terms of voltage, 
not power. The dissipation as a function of k is shown in Fig. 
10. For a resistive load, the greatest dissipation occurs at k = 

63 per cent output (40 per cent of maximum power output). 
As the load becomes increasingly reactive, the dissipation 
increases, and the decline in dissipation near full output also 
disappears. 

It should by now be abundantly clear that operating an 
amplifier into a pure resistive load is far kinder, far less de
manding, than is operation into a reactive load like a loud
speaker. And these relationships apply, let it be added, re
gardless of whether the output devices used are tubes, tran
sistors, or FETs. To put it another way, an amplifier which is 
to operate without difficulty into highly reactive loads must 
be more conservatively designed than would be expected 
on the basis of purely resistive loading. It must also be borne 
in mind that the efficiency of real-world ampl ifiers is less 
than the ideal case assumed in this discussion. 

And speaking of real-world situations, it ought to be 
noted that this discussion has tacitly assumed sinusoidal sig
nals. For a variety of reasons, such signals have great use
fulness in analysis, but they don't correspond very closely to 
either speech· or music. Since the energy content of pro-
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gram material is generally less than a sine wave of equal 
peak amplitude, the dissipation will in many cases be less 
than the curves we have seen would suggest. Unfortunately, 
it is simply not possible to say how much. There are random 
signals which can model program material quite well, it is 
true; but strictly speaking impedance is defined only in the 
frequency domain, and the only signals which would not in
volve treating a band of frequencies are the exponential and 
the sinusoid. And once we have to look at a band of fre
quencies, the precise nature of the load (its impedance ver
sus frequency) would have to be specified, making a general 
solution impossible. 

A Special Case 
Before we leave the subject of output stage dissipation, 

there is an interesting special case that ought to be consid
ered. So far we have allowed the phase angle to vary while 
holding the magnitude of the impedance constant. A differ
ent picture emerges if, instead, we require only that the real 
par! of the impedance remain constant. This is equivalent to 
saying that the magnitude of Z is allowed to increase as we 
increase the phase angle, and is shown by the dash-dot line 
in Fig. 11. The dissipation in this case is shown also in Fig. 11. 
The sol id curve represents the worst-case dissipation, ob
tained by letting k be whatever value gives the greatest dis
sipation. The result is interesting; the dissipation with any 
arbitrary reactive load under these conditions never ex
ceeds the value of dissipation observed for a resistive load. 
In fact, for highly reactive loads (over about 5 1"), it actually 
is less. We saw earlier that for reactive loads, the dissipation 
was greatest for k = 1, and this condition is shown by the 
dotted line. Here again the worst-case resistive load dis
sipation under these conditions would never be greater 
than it would be for a resistive load equal in value to the 
minimum real par! of any complex load. The significance of 
this will be discussed later, for it forms the basis for a ration
alized loudspeaker impedance rating. 

The Protection Problem 
Another important set of large-signal problems springs, 

somewhat ironically, from what ought to be a good idea, 
output transistor protection circuits. The kind of circuit 
which causes problems seeks to clamp I c to some value 
which is a function of the VCE at that instant. Such a circuit, 
whose threshold characteristics are shown in Fig. 12a, per
mits the SOA to be nearly fully utilized. A short on the out
put is clamped as in Fig. 12b, and a purely capacitive load is 
prevented from exceeding safe limits as in Fig. 12c. 

Things are altogether different if the load happens to be 
inductive. Should the protection circuit be activated in this 
case, an annoying and potentially dangerous very loud pop
ping sound results. These are the notorious "fly back im
pulses" illustrated in Fig. 13. The impulses are usually short 
(tens of microseconds) but of considerable amplitude. Since 
they contain large amounts of high-frequency energy, dam
age to tweeters is not unknown. These impulses can occur 
under seemingly unobjectionable conditions, for example 
when the magnitude of the load impedance is fairly high 
and hence the amplifier is only lightly loaded. All that is re
quired is that the load be inductive (i.e., the impedance is 
increasing with frequency) and that it activate the protec
tion circuit at some point. 

Such flyback impulses come neither from the load nor 
from the amplifier alone, but rather from the combination 
of the two. The ultimate culprit is the negative slope of the 
protection circuit threshold. When the current flow into the 
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i oad is stopped by the clamping action of the protection cir
cuit, the tendency of the inductive load to produce a re
verse-polarity voltage forces the protection circuit into even 
greater limiting. Suppose the output were positive-going at 
some point, and so VCE were decreasing. If now the current 
into the load is clamped, the sense of the resulting load volt
age will be negative-going. This implies an increase in V CE 
that in turn reduces the current clamping level to a smaller 
current. A regenerative situation exists, and the end result is 
that the output voltage of the amplifier tends to slam into 
the clipping region with the opposite polarity. If one such 
event does not dissipate the energy stored in the load, sev
eral pulses may follow one another in rapid succession . 

90 A number of solutions to this problem have been ad-
vanced. The basic idea is to avoid having a negative-slope 
threshold at signal frequencies. One approach places large 
capacitors in the protection circuit to slow it down ("de
layed limiting"), avoiding a regenerative situation. Another 
method is to use pure current limiting. A glance at the SOA 
curves shows that this places heavy demands on the output 
transistors, even when the current limit is made a slowly 
varying function of signal level. For this reason, paralleled 
heavy-duty output transistors must be used. The ultimate 
expression of this line of attack is to use a great many, very 
rugged transistors in the output stage so that protection cir
cuits can be eliminated entirely. (Tube amplifiers, of course, 
fall naturally into this category, since tubes can withstand 
very large short-term overloads. ) And finally there is the 
"solution" of simply making the protection threshold larger, 
but leaving the output stage as is, on the assumption (or 
hope) that the overloads encountered in "normal use" will 
be small enough not to destroy the poorly-protected tran-
sistors. 
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We have seen some of the effects that reactive loads can 
have on amplifiers, and we have noted some of the prob
lems that can occur. The question remains, what can be 
done about them? 

The small-signal problems can be avoided by sound de
sign and thorough verification of an amplifier's stability be
fore the design is released for production. Amplifiers from 
reputable manufacturers are usually free of problems. 

Large-signal behavior is another matter. It would be easy 
to say that any amplifier should be able to cope with highly 
reactive loads. But here we come up against economic limi
tations. Power sells, and to remain competitive, the tempta
tion is very great to design the amplifier for very high power 
into a resistive load at the expense of adequate and costly 
"elbow room" for operation into reactive loads. 

One possible solution would be for prospective pur
chasers to become more aware that the usual power rating 
per se is only a part of the story. The test reports in the sev
eral hi-fi magazines could be of real service here by in
cluding reactive load measurements. Heavy capacitive load
ing has often been used, but inductive loading seems con
spicuously absent. A reasonable approach would seem to be 
to use a set of loads at each rated impedance and at several 
frequencies. These could be 1) a real load R equal to the 
magnitude of the rated impedance Z, ; 2) an inductive load 
Z(l) = 2Z, !.. +60·, and 3) a capacitive load Z(Cl = 2Z , L. -
60·. (In other words, R + jO and R ± j V3X where R and X 
equal Z, at the frequency of measu rement. Proposals of 
this kind have appeared in the literature (Refs. 2, 5). 

Another very worthwhile endeavor would be a clari
fication of the rather nebulously defined "rated imped
ance" applied to loudspeakers. The most logical approach 
would be to specify the minimum value of the real part of 
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the loudspeaker impedance, as suggested by Pramanik (Ref. 
6). We have seen that the amplifier dissipation with reactive 
loading will not exceed the dissipation observed with the 
minimum real part of the impedance. Accordingly, such a 
specification represents a useful and meaningful measure of 
the loading produced by the loudspeaker on the amplifier. 
Since this specification would not in itself alert a prospective 
user to possible protection circuit problems in the case of a 
highly reactive loudspeaker, there would continue to be a 
need for impedance data, in reviews if not in spec sheets. 
Such data should include the angle as well as the magnitude 
of the impedance, or, as in Audio, the real and imaginary 
parts. 

These proposals are suggested as possible ways to avoid or 
at least minimize some of the problems we have seen in 
connection with the amplifier-loudspeaker interface. It is 
hoped that in the discussion, some light was shed on the ori
gin and nature of the problems as well as on some of the 
possible �olt!tions. The ultimate resolution of these prob-
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lems depends, however, on the user. Those who use ampli
fiers must become aware that presently used specifications 
do not tell the whole story, and be ready to insist on com
plete specifications. And perhaps we should also be content 
with an amplifier that appears a little less powerful on paper, 
but which makes music come alive through a loudspeaker 
and does so reliably and without fuss. 
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