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Dynamic Performance of Peak-Limiting Amplifiers’
DONALD E. MAXWELLT, SENIOR MEMBER, LR.E.

Summary—Dynamic requirements for peak-limiting amplifiers
are discussed briefly with respect to such factors as attack time,
signal-to-thump ratio, gain-reduction characteristics, and recovery
time. There is described a novel measurement technique and appa-
ratus for the visual analysis of the dynamic performance of peak-
limiting ampiifiers.

The dynamic characteristics of several typical commercial peak-
limiting amplifiers are individually analyzed by a series of cathode-
ray oscillograms. These amplifiers exhibit various short-comings of
a dynamic nature. As an example of the practical improvement which
is obtainable, there is shown the dynamic performance of an experi-
mental peak-limiting amplifier developed by the Columbia Broad-
casting System.

I. INTRODUCTION

LTHOUGH the use of peak-limiting amplifiers in
A radio broadcasting and recording systems has
become very general, the actual dynamic per-
formance of these amplifiers is often a matter of con-
siderable conjecture. Most users know from their own
experiences that the action which occurs in a peak-limit-
ing amplifier under actual operating conditions fre-
quently has little correlation to that which is indicated
by steady-state sine-wave measurements. Overmodu-
lation “splatter,” audible “thump,” and “motorboating”
are among the more familiar operational defects due to
dynamic deficiencies in these amplifiers. Manufacturer’s
specifications on commercial peak-limiting amplifiers
usually include little or no information on dynamic per-
formance, and in the past therc has been no available
measuring technique or equipment by means of which
the user could reliably judge the dynamic merits or de-
fects of a particular amplifier.

It is one object of this paper to describe a measuring
technique which provides a means for evaluating the
transient characteristics of peak-limiting amplifiers. A
second object of this paper is to describe the results of
the above measurements as applied to several peak-lim-
iting amplifiers. By way of background, there will first
be prescnted a discussion of some of the dynamic re-
quirements of peak-limiting amplifiers.

II. DyNAMIC REQUIREMENTS FOR PEAK-
LIMITING AMPLIFIERS

The essential function of a peak-limiting amplifier! is
to provide an automatic means of gain control, such
that no audio peak amplitude at the input of the am-
plifier will produce an output level in excess of a prede-
termined maximum value. A peak-limiting amplifier
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has an automatically controlled gain characteristic such
that its gain is essentially constant for all peak signal
amplitudes below the predetermined maximum output
value, and is approximately inversely proportional to
the input peak signal amplitude for all values in excess
of that corresponding to the predetermined maximum
output value. A peak-limiting amplifier is usually char-
acterized by a rapid reduction of gain at the onset of a
high signal peak, and a relatively slow restoration of
gain after the peak has subsided. The time required for
gain restoration is usually long, compared to any signal-
frequency variations. The minimum time required for
gain reduction is commonly known as “attack” time,
and the time required for gain restoration as “recovery”
time.

Since broadcast program material by nature consists
of a series of non-sustained and rapidly recurring signal
peaks, a peak-limiting amplifier which does not have a
sufficiently short attack time will permit the occasional
passage of short signal bursts having amplitudes in ex-
cess of that corresponding to 100 per cent modulation
of the associated transmitter. If each of the resulting
periods of overmodulation does not persist for more
than a few milliseconds, it is probable that few listeners
will be able to detect the serious wave-form distortion
which occurs during these short periods before the gain-
reducing action of the peak-limiting amplifier has taken
place. However, such occasional bursts of overmodula-
tion in an amplitude-modulated transmitter can set up
the well-known and undesirable phenomena of adja-
cent-channel “splatter.” Due to the very steep wave
fronts characteristic of many signal peaks, it has been
observed experimentally by the Columbia Broadcasting
System that the effective attack time of a peak-limiting
amplifier should be on the order of 100 microseconds or
less, if part or all of these peaks are not to be transmitted
at a level in excess of the predetermined maximum.

Most commercial peak-limiting amplifiers on the mar-
ket today effect the required gain reduction by auto-
matic variation of either a circuit resistance or the sig-
nal transconductance of a vacuum tube. In either case,
the actual resistance or transconductance variation is
usually accompanied by a comparatively large change
in the d.c. potential across the variable element. Since
this change in d.c. operating values, commonly referred
to as “control voltage,” occurs at a very rapid rate, it
will appear at the output of the amplifier along with the
desired signal, unless special means are provided to
balance it out. It is, therefore, a fundamental dynamic
requircment of a satisfactory peak-limiting amplifier
that a high signal-to-control-voltage ratio be maintained
at the output terminals throughout cach gain-reduction
cycle. One audible effect of an insufficient degree of con-
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trol-voltage balance is a pronounced and disagreeable
“thump” or “click” every time the signal reaches a peak
amplitude sufficient to produce limiting.

In some cases the thump component may be so large
and the nature of the control circuit such that over-con-
trol occurs, i.e., the output signal voltage decreases to
a very small value immediately after the onset of an
input signal peak. In the most extreme cases of unbal-
ance the thump component may be so heavy as to pro-
duce sustained low-frequency oscillations (“metorboat-
ing”) at the output terminals.

Another requirement of a peak-limiting amplifier is
that the slope of the output-signal versus input-signal
curve be as close to zero as possible for all input signal
levels in excess of that corresponding to the threshold
of gain reduction. This is equivalent to saying that the
gain of the amplifier should be inversely proportional to
the input level for all increases of input level above the
threshold point. While this requirement is not in itself
a dynamic one, it frequently has a direct bearing on the
dynamic stability of the amplifier, since in the majority
of commercial peak-limiting amplifiers available today
a flat output-level characteristic can be obtained only
by an increase of the sensitivity of the signal-control
circuit. It is a fundamental relationship? that, the
greater the sensitivity of the signal control circuits of
these amplifiers, the more susceptible the amplifiers are
to “thumping” and instability.

The “recovery time” of a peak-limiting amplifier is
also an important dynamic characteristic. Optimum re-
covery time is a combined function of the characteristics
of the ‘nput signal and the personal preferences of the
individual user. The longer the recovery time, the less
noticeable is the effect of the automatic gain-reducing
action on the dynamic range and balance of the program
material. In general, the shorter the recovery time which
can be tolerated from a listening standpoint, the higher
will be the average signal level at the output terminals.
If the recovery time is much shorter than 0.2 second,
the gain of the amplifier will change appreciably be-
tween successive cycles of low-frequency signal volt-
ages, resulting in severe wave-form distortion. With the
exception of a few cases where the amplifier design is
such that a change in recovery time also changes the
attack time, there are usually no instability problems
associated with the recovery-time circuits.

ITI. DyNAMIC-MEASUREMENT TECHNIQUE

The basic technique of the dynamic measuremeénts to
be described consists of suddenly applying a sustained
signal of high peak amplitude to the input terminals of
the peak-limiting amplifier and analyzing the resulting
voltage at the output terminals, from the instant the
peak signal is applied until the output voltage reaches

2\V. L. Black and N. C. Norman, “Program-operated level-gov-
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ber, 1941.
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a stecady-state condition. A sinc-wave voltage of a
known frequency is perhaps the most significant signal
wave form which can be used for such transient analy-
sis, since any distortion of the output voltage duc to
transient effects is readily detectable. A sinusoidal wave
form also provides a convenient time base when measur-
ing the clapsed time from the instant of its application
to the amplifier to the time when the output voltage
reaches a steady-state condition.

The following dynamic-measurement technique was
employed in obtaining the results described in this pa-
per. With reference to Fig. 1, the measurement tech-
nique consists of :

1. The application of a sinusoidal signal voltage e of
a predetermined frequency f to the input terminals of
the peak-limiting amplifier, the amplitude a of the sig-
nal voltage being of such a value that the peak-limiting
amplifier is on the threshold of gain-reducing action.

|
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Fig. 1-——Wave form applied to input of peak-limiting amplifiers for
analysis of dynamic performance. The sine-wave amplitude a i
adjusted so that the amplifier is on the verge of gain-reducing
action. Amplitude b is any desired higher amplitude. The shift
from amplituce a to amplitude b is made at a point p when the
sine wave is crossing the axis of zero amplitude.

2. The effectively instantaneous increase of the am-
plitude of the input signal voltage e to a greater prede-
termined value b at a time phase when e is crossing the
axis_ ?f zero amplitude (point p of Fig. 1) in cither the
positive or negative direction, as desired.

3. The maintenance of amplitude b of the input signal
for a predetermined time interval ¢,, and at the end of
that interval the restoration of the input signal level
to amplitude a for a predetermined time ¢,.

4. The connection of a cathode-ray oscillograph to

~the output terminals of the peak-limiting amplifier, and
the initiation and synchronization of a linear-time-base
sweep voltage in the oscillograph, so as to display visu-
ally on the cathode-ray tube a predetermined number
of cycles of the output signal voltage immediately be-
fore and after the application of signal amplitude b to
the input of the amplifier.

5. At the end of time ¢, the repetitive re-application
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for times ¢, of the increased amplitude b to the input
of the peak-limiting amplifier. Time ¢, may or may not
bear a fixed periodic relationship to #. It is required
only that time (/4i+¢;) be an integral multiple of 1/f,
and that the sweep voltage of the oscillograph be so
initiated and synchronized that successive traces of the
electron beam across the cathode-ray-tube screen are
exactly superimposed on one another to produce a sta-
tionary visual pattern of the output signal voltage for
the predetermined number of cycles before and after the
application of the increased amplitude & to the input of
the peak-limiting amplifier.

6. The graphical analysis of the amplitude and wave
form of the cathode-ray-tube pattern, and comparison of
this pattern with the applied input voltage to the peak-
limiting amplifier.

In a study of peak-limiting-amplifier performance, the
time ¢, of Fig. 1 is an arbitrary value sufficiently long to
allow complete gain reduction of the amplifier to take
place. For the specific measurements described and il-
lustrated below, the time ¢/, was chosen to be approxi-
mately 10 milliseconds. It was subsequently found, how-
ever, as will be illustrated, that few if any of the current
commercial peak-limiting amplifiers examined reach a
stable output amplitude within the 10-millisecond ob-
servation period under all conditions of operation.

Itis usually required in such an investigation that the
time ¢, of Fig. 1 be of at least 1 to 3 seconds’ duration,
since the recovery time of most peak-limiting amplifiers
is of this order of magnitude. Therefore, the cathode-ray
tube used for viewing the transient phenomena should
have a long-persistence type of screen phosphor, so tkat
a visual impression of the transient trace will remain
continuously on the screen between cycles of the recur-
rent transient phenomena.

The phenomena which occur for the first several cy-
cles immediately after the establishment of amplitude
b are usually of the greatest interest. By the use of the
above-described measurement technique, the gain-re-
ducing action of the amplifier can be observed cycle by
cycle of the applied sine-wave signal, and the attack
time is measured by counting the number of cycles of a
given frequency to the point where no further change of
amplitude takes place. Accompanying undesirable ef-
fects, such as thump and wave-form distortion, are also
shown in as great dctail as desired merely by changing
the sweep speed of the oscillograph.

An important requirement of this method of transient
analysis is that the change from amplitude a to ampli-
tude b of Fig. 1 be made at a time when the applied sine-
wave signal is crossing the axis of zero amplitude. If the
amplitude change were to be made at any other part of
the cycle an irregular wave front would be developed,
rendering the transient analysis more difficult of inter-
pretation.

1V. MEASURING EQUIPMENT

A block diagram of the required measuring equipment
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is shown in Fig. 2. A signal generator 4, which may be
a standard commercial type of audio oscillator, delivers
a sinusoidal voltage of predetermined frequency to an
electronic switch and synchronizer unit, B. The elec-
tronic switch and synchronizer unit consists of a com-
bination of electronic circuits which provide the signal
amplitude changes, phasing, and synchronizing func-
tions required for the visual presentation of the transient
phenomena on the cathode-ray oscillograph, C. The
electronic switch and synchronizer unit supplies the in-
put terminals of the peak-limiting amplifier under meas-
urement (block D of Fig. 2) with voltage of the wave
form shown in Fig. 1. It also supplies a synchronized
triggering voltage to the linear-sweep-control circuits of
the cathode-ray oscillograph, C. The cathode-ray oscil-
lograph may be a standard commercial unit, providing
it is designed for single-sweep, externally triggered op-
eration.

G i}
TRANSIINT
CHARACTLRISTICS J
of OLVICE OR {
ST5TEu <
A B -
] v
| SINUSOIOAL ELE:TQONIC
| SIGNAL ’V\M SwITCH NAIZN2R STNCHRONZING 'uLuS/ \
| ceneraton ety SR [P
STNC weut
|
CATHODE - RAY
OSCILLOGRAPH
. ] A
TYPCAL WPUY wavifORw o TIPIGAL OUTPUT  mAVEFORM.
'VV\/VVV\NVV\/\\N\/V\, #0010 FREGUENGY pevice '\/V\J\/V\Nm/\/v'\fvm
w OR SYSTEM T

UNDER MEASUREMENT

Fig. 2—Block diagram of setup for analyzing dynamic performance
of peak-limiting amplifiers.

The transient wave forms displayed on the cathode-
ray-tube screen by this method lend themselves readily
to photographing. The photographs, which form the
basis of discussion for following sections of this paper,
were selected from a considerable number taken of peak-
limiting-amplifier performance under various operating
conditions.

V. OBSERVED DyNAMIC PERFORMANCE oOF TYPICAL
COMMERCIAL PEAK-LIMITING AMPLIFIERS

The equipment described in the preceding section
permits analysis of peak-limiting-amplifier performance
at any frequency between 100 and 15,000 c.p.s., and
at any desired ratio of pcak signal level to threshold
signal level (ratio of amplitude b of Fig. 1 to amplitude
a). For the sake of brevity, however, results shown in
this paper have been confined to two frequencies, 1000
and 10,000 c.p.s., and a single peak-to-threshold signal-
amplitude ratio of approximately 18 db. The photo-
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graphs shown in Fig. 3 are the transient signal wave
forms applied successively to the input terminals of
each of five different peak-limiting amplifiers. The ap-
plication of these wave forms to the input terminals
result in the output wave forms analyzed individually
below for each of the amplifiers. Fig. 3(a) shows the 1000-
cycle input wave form, while Fig. 3(b) shows the 10,000-
cycle input wave form. These photographs are direct
time exposures of the phenomena displayed on the

‘l‘.‘."“.“““lllb‘

Fig. 3—Photographs of input wave forms applied to peak-limiting-
amplifiers for analysis of dynamic performance. These are direct
photographs of images appearing on the screen of the cathode-ray
oscillograph. Amplitude a corresponds to the threshold of gain-
reducing action. Amplitude b is approximately 18 db greater than
a. Some second-harmonic distortion of the input wave form is
evident, but this does not appreciably affect the results of the
transient analyses to follow.

(a) 1000-c.p.s. sine-wave frequency.
(b) 10,000-c.p.s. sine-wave frequency.

cathode-ray-tube screen. For the purpose of analysis and
discussion, reference axes and boundaries have been
hand-drawn on many of the photographic prints shown
in Figs. 3 through 7.

The measuring equipment is so adjusted that some
two to five cycles immediately preceding the arrival of
the transient pcak signal are shown for purposes of com-
parison with the phenomena occurring after the arrival
of the transient. As mentioned above, the high-ampli-
tude transient signal (amplitude b of Figs. 3(a) and 3(b))
persists for about 10 milliseconds, which is equivalent
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to 10 cycles of the 1000-c.p.s. signal, and 100 cycles of
the 10,000-c.p.s. signal. The sweep speed of the oscillo-
graph is adjusted for good resolution of cach individual
cycle, which usually results in only the first few cycles
immediately after the onset of the peak being displayed
on the screen. This is illustrated by Fig. 3(a), where two
cycles before and four cycles after the onset of the peak
appear on the screen of the cathode-ray tube. Obviously,
merely by changing the sweep speed of the oscillograph
cach cycle can be studied in as great detail as desired, or,
if the sweep speed is made sufficiently slow, the action
of the peak-hmiting amplificr may be observed through-
out the entire 10-millisecond period. In gencral, a rela-
tively fast sweep speed is used when it is desired to
study wave-form distortion in detail, and a slower sweep
speed is used when the peak envelope is of chief interest.
The case of a relatively slow sweep speed is illustrate!]
in Fig. 3(h) for the 10,000-c.p.s. signal, where the first
twenty-odd cycles of high-amplitude transient appear
on the cathode-ray tube. In this latter case, any cycle-
to-cycle peak-amplitude va iations would be clearly
indicated.

Considerable care was taken in the generation of the
applied wave forms of Fig. 3 to insure that no d.c. com-
ponent of voltage was included in the high-amplitude
signal after the points p. Close examination of thesc
wave forms will reveal a slight dissymmetry of the posi-
tive and negative peak amplitudes due to second-har-
monic distortion in the high-amplitude signal. This is
not a desirable condition, but one imposed by signal
handling limitations in the electronic switch and svn-
chronizer unit discussed in Section 1V, Further develop-
ment of the latter unit, since these photographs were
taken, eliminated this distortion, but it was not con-
sidered of sufficiecnt magnitude to affect substantiallv
the results of the present analyses of peak-limiting-am
plifier performance.

The response of several commercial peak-limiting am-
plifiers to the applicd wave forms of Fig. 3 will now be
analyzed. The sole purpose of these analyses is to de-
scribe dynamic phenomena which occur in typical com-
mercial peak-limiting amiplifiers; they are intended to be
neither a recommendation nor a condemnation of the
subject amplifiers.

Peak-Limiting Amplifier 1, Fig. 4

The first two cycles shown at the left of Fig. 4(a) rep-
resent an output level corresponding to the threshold of
gain reduction, prior to the onset of the sinusoidal sig-
nal peak. Study of the wave form beyond the point p
reveals that the first half-cycle rises to an amplitude ¢
approximately 12 db above the threshold amplitude,
showing that gain-reducing action has been insufficiently
fast to reduce the amplitude of the first half-cycle of the
18-db, 1000-cycle peak by more than approximately
6 db. The amplitude d of the second half-cycle is seen
to be reduced further, but it is still some 9 db above the
peak threshold level a. It is evident from Fig. 4(a) that
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approximately two complete cycles of the 1000-cycle
peak are required for effectively complete gain reduc-
tion. This can be interpreted to mean that the attack
time of this amplifier is 2 milliseconds (the period of
two cycles of a 1000-cycle frequency), as indicated by
the time #, on Fig. 4(a). It can be seen from Fig. 4(a)
that there has taken place an axial shift of the output
voltage during the process of gain reduction, as indi-
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Fig. 4—Peak-limiting amplifier 1. Photographs of output wave forms
when input wave forms are as shown in Fig. 3. .

(a) 1000 c.p.s. The first cycle after arrival of the higher-ampli-
tude peak at point p overshoots heavily due to slow attack time.
Two complete cycles are required before a stable output amplitude
is reached, indicating attack time ¢, to be approximately 2 milli-
seconds. A strong thump component g is also shown.

(b) 10,000 c.p.s. The first twenty cycles after arrival of the
peak show excessive amplitude, further confirming the attack
time £ to be 2 milliseconds. The steady-state amplitude k is ap-
proximately 6 db higher than the threshold amplitude a, indicat-
ng deficient high-frequency response in the control-voltage cir-
cuit. A thump component ¢ is also indicated.

cated by the distance g between the axes of the sine
wave befoie and after gain reduction. This is the result
of a d.c. component of control voltage which has not
been completely balanced out, and represents the
“thump” component of this amplifier for the particular
peak signal applied. Note that, even though the sine-
wave amplitude after gain reduction is apparently no
greater than before the arrival of the peak, the axial shift
due to thump results in all negative peaks shown on Fig.
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4(a) exceeding the negative peak threshold amplitude
a by a value of approximately 4 db. Therefore, were am-
plitude a equivalent to 100 per cent modulation of an
associated transmitter, substantial overmodulation
would persist for a much longer period than the appar-
ent attack time of 2 milliseconds.

Since the signal path of no commercial peak-limiting
amplifier can pass d.c., the time duration of the thump
component indicated by g is a complicated function of
the low-frequency response of the amplifier signal- and
control-voltage circuits, as well as the feedback-loop
gain of the control-voltage circuit. Frequently the am-
plitude of the thump component decreases in the form
of a damped oscillation. This can be considered as an
envelope modulation of the signal frequency, and an os-
cillation frequency on the order of S to 10 c.p.s. is com-
mon. Therefore, the 2- or 3-millisecond observation pe-
riod of Fig. 4(a) is too short to indicate any appreciable
decrease in the magnitude of the thump amplitude g.

A consideration of the above factors makes it evident
that a constant output amplitude may not be reached
for an appreciable fraction of a second after the appli-
cation of a sustained peak signal. The actual time re-
quired for an essentially steady-state amplitude to be
attained is thus a function of the original magnitude of
the thump component and the decay period of the indi-
vidual amplifier. This low-frequency thump component
can very readily have a more disagreeable listening and
operational effect on the signal than the short-duration,
high-amplitude bursts which pass through the amplifier
due to an insufficiently short attack time. For instance,
it is not uncommon for the modulator of an amplitude-
modulated transmitter using inverse feedback to have a
sharply rising, subaudible, low-frequency response, the
peak of which may coincide with the thump envelope
frequency; in which case the thump is aggravated, and
the modulator may be completely disabled for the dura-
tion of the thump. In an extreme case there might be
developed an oscillation of sufficient amplitude to trip
an overload circuit and remove the transmitter from the
air.

The magnitude of the thump component in any am-
plifier varies with the amplitude of the peak which pro-
duces gain reduction. Some peak-limiting amplifiers
have a so-called thump control which is effective in bal-
ancing the thump for any single amplitude of peak sig-
nal, but since the gain-reducing circuits seldom exhibit
the same degree of balance at any other degree of gain
reduction, these thump controls merely permit a com-
promise adjustment which has the lowest average thump
content under normal program conditions.

The thump amplitude g of Fig. 4(a) is by no means of
unusual magnitude, as peak-limiting amplifiers go. In
fact, it is probably not great enough to be detected
solely by a listening test of the audio output of the am-
plifier. Nor is it likely, either, that the high-amplitude
bursts which are shown to occur for the first cycle or two
can be detected by a simple listening test.
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So far, no detailed tests have been made to correlate
the transient effects observed on the oscillograph with
the subjective listening cffects of these transient phe-
nomena. Preliminary observations, however, indicate
that if the amplitude of the thump component, shown
by the above sine-wave test, is as great as the threshold
signal amplitude (i.e., if amplitude g of Fig. 4(a) is as
great as amplitude a), then a listening test with ordinary
program material is very likely to disclose a disagreeable
“thump” each time heavy gain-reducing action occurs.
Perhaps even more significant than the amount of audi-
ble thump observed at the output terminals of the am-
plifier, however, is the possible ill effect the thump com-
ponent may have on subsequent audio equipment, such
as the modulator described above.

Fig. 4(b) shows the effects on amplifier 1 of a peak sig-
nal having a frequency of 10,000 c.p.s. Here the 2-milli-
second attack time ¢, is perhaps more clearly illustrated
than in the 1000-c.p.s. case. It is seen that approxi-
mately 20 cycles are required after the application of the
peak for the output amplitude to approach the more or
less constant value k of Fig. 4(b). The first few cycles of
the 10,000-c.p.s. peak pass through the amplifier with
little or no attenuation.

It is noted that the amplitude % of Fig. 4(b) is about
6 db greater than the amplitude a, a very undesirable
condition probably indicating deficient high-frequency
response in the control-voltage circuit. This is a de-
ficiency which would also be indicated by steady-state
measurements. A thump component g is also present in
the 10,000-c.p.s. case.

Peak-Limiting Amplifier 2, Fig. 5

The photographs of Fig. 5 show that amplifier 2 has
considerably less amplitude of overshoot than amplifier
1 during the period while gain reduction is taking place.
This particular amplifier is designed to produce peak-
chopping action at an output amplitude approximately
3 db above the threshold amplitude. The peak-chop-
ping action is independent of automatic gain reduction
and, hence, limits the maximum peak amplitude to
about 3 db above the threshold value, regardless of how
long it takes for complete gain reduction to be effected.
Amplitude c of Fig. 5(a) and F'g. 5(b) corresponds to the
peak-chopping level of this amplifier, and, were there
no gain-reducing action, the output wave form after
point p would be flat-topped and of amplitude ¢. Note,
in the 1000-cycle case, Fig. 5(a), that a substantial part
of the first half-cycle remains at or near the peak-chop-
ping level, before sufficient gain reduction has occurred
to reduce the output amplitude below this value. Fig.
5(b) shows that the output level remains near the peak-
chopping value for about the first three cycles of a 10,-
000-cycle peak.

It maybe noted from Fig. 5(a) that considerable wave-
form distortion is evident near the peaks of at least the
first four complete cycles after the arrival of the 1000-
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cycle peak. This indicates that gain-reducing action is
still going on, even though the peak amplitude reaches
a relatively stable value d after the first cycle. If the
photograph of Fig. 5(b) were expanded on a faster
sweep, considerable wave-form distortion would also be
obscrvable over the first 30 or 40 cycles after the arrival
of the 10,000-cycle peak. From Fig. 5(b) it is seen that
approximately six cycles are required for the output am-

ciebba bty

Fig. S—Peak-limiting amplifier 2. Photograghs of output wave forms
when input wave forms are as shown in Fig. 3.

(a) 1000 c.p.s. This amplifier includes peak-chopping action
for all input peaks more than approximately 3 db above limiting
threshold level. The first half-cycle after arrivalof the peak reaches
the peak-chopping amplitude ¢. The next several half-cycles,
while of reduced amplitude, show considerable distortion on
peaks. The thump component is low.

(b) 10,000 c.p.s. The first twoor three cycles remain at peak-
chopping amplitude c. Approximately six cycles are required for

full gain reduction, making the attack time approximately 0.6
millisecond.

plitude to reach its stable value d, which indicates that
the attack time of amplifier 2 is approximately 0.6 milli-
second. In view of the fact that considerable wave-form
distortion persists for a much longer period, however,
this factor should probably be taken into account. If the
attack time of amplifier 2 is based upon the time re-
quired for the output wave form to become essentially
sinusoidal, the value would be on the order of 4 millisec-
onds, instead of 0.6 millisecond.

Amplifier 2 appears to have a low thump component,
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1s indicated by very little axial shift of the wave form
sefore and after gain reduction. This particular ampli-
ier is provided with a “thump” control, and optimum
adjustment of this control was made before the photo-
graphs of Figs. 5(a) and 5(b) were taken. However, as
noted in the discussion of amplifier 1, the thump control
insures a low thump component for only one particular
amplitude of peak signal; for some lower or higher am-

plitude of peak, amplifier 2 might exhibit appreciable
thumps.

Peak-Limiting Amplifier 3, Fig. 6

As evidenced in Fig. 6, this amplifier exhibits a heavy
thump component. The thump effect of amplifier 3 is

(a)

(b)

Fig. 6 Peak-limiting amplifier 3. Photographs of output wave forms
when input wave forms are as shown in Fig. 3.

(a) 1000 c.p.s. Extremely heavy thump component ¢ greater
than peak threshold amplitude a is shown. The amplitude of the
first cycle after arrival of the peak appears to be limited only by
the overload characteristics of the amplifier. The fourth half-cycle
and several successive half-cycles show severe over-control
wherein the amplitude is less than the threshold value a.

(b) 10,000 c.p.s. Somewhat slower sweep speed was emp}oyed
for this photograph, so that the entire 10-millisecond period of
duration of the peak is visible. No stable output amplitude has
been reached during the 10-millisecond interval, so it is not pos-
sible to specify with meaning the attack time of this amplifier.

great enough to be definitely audible on a listening test
with ordinary program material. It is observable from
Fig. 6(a) that the initial thump (amplitude c) is almost
twice the peak threshold amplitude a. Note that the
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zero-signal axis of Fig. 6(a) after the application of the
1000-cycle peak has a definite upward slope to it. This
indicates that amplifier 3 has a more rapid thump-decay
period than was exhibited by amplifier 1.

Fig. 6(a) illustrates an effect discussed in Section II
of this paper, namely, over-control, or excessive gain re-
duction. It can be observed that the fourth half-cycle
has an amplitude (as also have the next several cycles
thereafter) less than the threshold amplitude a. This is
a direct result of too heavy a thump component, and the
thump voltage is rectified along with the signal voltage,
producing excessive control voltage in the gain-reducing
circuit.

Fig. 6(b) shows the 10,000-cycle output when the
wave form of Fig. 3(b) is applied to the input. This pho-
tograph differs slightly from the 10,000-cycle photo-
graphs of Figs. 3,4, and 5 in that a slower sweep speed
has been employed. In this photograph the entire 10-
millisecond period of duration of the peak is visible. So
close are the individual cycles under this condition that
the resulting picture is essentially an envelope of the
output peak amplitudes. It is difficult to offer a rational
explanation for the shape of this 10,000-cycle envelope,
since it is such a complicated function of the transient
characteristic of the amplifier circuits.

At the end of the 10-millisecond peak, the output volt-
age of the amplifier is seen to be less than that immedi-
ately preceding the onset of the peak, the difference
between the two amplitudes being a measure of the gain
reduction that has taken place in the amplifier.

Due to the severe thump components of amplifier 3,
it is difficult to specify definitely its attack time. For in-
stance, although Fig. 6(a) indicates that maximum gain
reduction occurs about 2 milliseconds after the applica-
tion of the peak, the negative peak amplitude at that
point is still more than 6 db greater than the threshold
amplitude @, due to the magnitude of the thump. Nor
has a stable output amplitude been reached within the
10-millisecond period of duration of the peak.

VI. CBS EXPERIMENTAL AMPLIFIER

In one or several ways it has been observed that each
of the peak-limiting amplifiers analyzed in Section V
leaves considerable room for improvement. The Colum-
bia Broadcasting System recently developed a unit
which has outstanding dynamic-performance character-
istics. The dynamic performance of this experimental
amplifier is shown in Fig. 7.

The CBS amplifier has a maximum control range of
14 db; therefore, the analyses of Fig. 7 differ from those
covered in Figs. 3, 4, 5, and 6 in that the transient peak
amplitude is 14 db ahove the threshold value rather
than 18 db. The 14-db transient was simulated at each
of two frequencies, 1000 and 10,000 c.p.s. Except for the
4-db difference in amplitude, the input wave forms were
similar to those shown in Fig. 3, and the resulting out-
put wave forms of the CBS amplifier are shown in Figs.
7(a) and 7(b).
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With reference to the 1000-cycle dynamic perform-
ance of Fig. 7(a), the first two cycles at the left of the
photograph show the output voltage immediately before
the arrival of the transient peak, while the next six cy-
cles correspond to the output voltage immediately after
the arrival of the peak. Note that not even the first half-
cycle after the arrival of the peak shows any appreciable
amplitude overshoot. Thus, the attack time of the CBS
amplifier under the above conditions is effectively zero.
What may seem more surprising is the fact that there is
little wave-form distortion of even the first quarter-cycle
after the arrival of the 1000-cycle transient.

(b)

Fig. 7—CBS experimental peak-limiting amplifier, early model.
Photographs of output wave forms. Input wave forms are the
same as in Fig. 3, except that the amplitude of the transient peak
is 14 instead of 18 db.

(a) 1000 c.p.s. No appreciable amplitude overshoot occurs;
therefore the attack time is effectively zero. Note that even the
first half-cycle is essentially undistorted. The thump component is
negligible. The amplifier is scen to “anticipate” the arrival of the
peak, since gain-reduction takes place at point g in time, whereas
the peak does not start until point p.

&);; 10,000 c.p.s. No amplitude overshoot is present even on
the first half-cycle after the arrival of the signal peak. The first
cycle is over-controlled in amplitude.

This excellent performance is attributable to a unique
circuit design wherein the automatic-gain-control volt-
age is a function of the input signal voltage, rather than
of the output signal voltage. The control-voltage gen-
erating section of the amplifier incorporates large power-
type amplifier and rectifier tubes in low-impedance cir-
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cuit arrangements, resulting in extremely fast develop-
ment of the automatic control voltage. Another major
factor contributing to the exceptional performance
shown in Fig. 7(a) is the use of a special time-delay net-
work in the signal channel just ahead of the point where
gain reduction takes place. This network acts to delay
the signal by approximately 80 microseconds, and the
gain is already reduced by the required amount upon
the arrival of the peak at the point where gain control
is effected. A close examination of Fig. 7(a) will reveal
that automatic gain reduction occurs near the point ¢
in time, wherecas the 14-db peak does not arrive until a
later time at point p.

The 10,000-cycle performance shown by Fig. 7(h)
again illustrates the extremely short effective attack
time of the amplifier. Even at 10,000 cycles, the 14-db
peak which arrives at the point p in time is effectively
prevented from exceeding the maximum steady-state
value. Fig. 7(b) indicates excessive gain reduction (over-
control) for the first cycle after the arrival of the peak.
Over-control which persists for so short a time as shown
in Fig. 7(b) (approximately 100 microseconds) cannot
be perceived by a listening test, and is certainly prefera-
ble to under-control, since it renders overmodulation of
subsequent equipment impossible.

It can be observed from Fig. 7 that the “thump” com-
ponent of the amplifier is of very small amplitude, an
additional design feature of this unit.

The amplifier described above was developed by E.
E. Schroeder of the CBS-Chicago technical staff, under
the direction of ]. J. Beloungy, and has been used at
station WBBM since 1945. Additional amplifiers, based
upon this development, are in service in other Columbia
Broadcasting System stations and are also available
commercially from a well-known manufacturer.

VII. ConcLusioN

It is beyond the scope of this paper to attempt to set
forth minimum standards for satisfactory transient per-
formance of peak-limiting amplifiers. However, it seems
evident that the more nearly the dynamic performance
of a given peak-limiting amplifier conforms to the re-
quirements set forth in this paper, the more satisfactory
the operational results are likely to be.

The measuring technique and equipment used to ob-
tain the results described in this paper are applicable
to a wide variety of transient measurements of audio
devices and systems, such as the transient performance
of loudspeakers and recording and reproducing systems,
and the build-up and decay characteristics of reverber-
ant acoustical structures.

The technical developments and investigations which
form the basis for this paper were carried out under the
gen.eral direction of Howard A. Chinn, chief audio
engineer of the Columbia Broadcasting System.



	Maxwell_1349
	Maxwell_1350
	Maxwell_1351
	Maxwell_1352
	Maxwell_1353
	Maxwell_1354
	Maxwell_1355
	Maxwell_1356

