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A Four-Stage FM Broadcast Audio Peak Limiter

W. Marshall Leach, Jr., Senior Member, IEEE
Georgia Insititute of Technology, Atlants, GA 80882-0250, USA

Abstraci—The design of a peak limiter processor for FM
broadcast audio is described. The limiter has four gain control
st?es. The basic peak limiting function is performed in the first
and second stages by a slow-attack slow-release stage followed
by a fast-attack fast-release stage. Pre-emphasis control is
performed in the third and fourth stages which are part of a
filter that emulates the transmitter pre-emphasis network. A
peak clipper at the output of the pre-emphasis controller pro-
vides protection from overmodulation by short duration peaks
that are not controlled by the four limiter stages.

I. INTRODUCTION

THE AVERAGE loudness levels of FM broadcast signals
have increased dramatically over the years as more sophisticated
electronic signal processors have become available to broadcast-
ers who compete for the same listeners. These processors im-
clude compressors, limiters, peak clippers, phase scramblers, etc.
Many processors are multi-band units which process the audio
signal by filtering it into two to as many as six frequency bands,
processing the signal in each band, combining the processed
multi-band signals, and then peak processing the combined
signal. The effect of such processing is to gemerate a signal
which peaks consistently at the 100% modulation level and
sounds loud and dense to the listener. In some markets, the
processing is so intense that an oscilloscope used to observe
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Fig. 1. Circuit diagram of the processor with the four limiter stages represented by block diagrams.
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II. DESCRIPTION OF THE PROCESSOR

A system level description of the overall processor is
iven in this section. The pre-emphasis controller and the peak
Emiter circuit are described in more detail in following sections.

Fig. 1 shows the circuit diagram of the processor with the
four limiter sta§es represented by block diagrams. The input
stage consists of op-amps A; and A; which realize a variable-
gain balanced input stage. It is followed by two peak limiter
stages in cascade which perform the basic peak limiting func-
tion. Limiter 1 is a slow-attack slow-release unit which performs
the major gain control. Because of its slow attack time, its
output contains significant overshoots. These are controlled by
limiter 2 which has a fast-attack fast-release time. The limiting
on low-frequency signals is performed primarily by the first
stage. Its slow release time provides low distortion at low
frequencies. Transient high-frequency peaks are limited primari-
ly by the second stage. Its fast release time prevents audible
"gaps" in the signal after gain reduction on fast peaks. Each
limiter has a limit threshohf of 1 V and an inverting gain below
threshold of unity.

The Federal Communications Commission (FCC) speci-
fies that the audio input signal to FM transmitters and TV
aural transmitters be boosted at high frequencies by a pre-em-
})hasis network that has a voltage-gain transfer function of the
orm

F(s8) =1+ 748 (1)

where 8 = j2«f is the complex frequency and 7, = 75 usec. The
gain of the pre-emphasis network is specified to follow this
transfer function for frequencies up to 15 kHz. At low frequen-
cies, the gain of the network is unity (0 dB). At 2.12 kHz, the
gain 8 141 (3 dB). At 15 kHsz, the gain increases to 7.14 (17.1

). Because of the frequency dependent gain in the pre-empha-
sis network, a peakdimited sexigna.l is no longer peak limited after
it is pre-emphasized. Therefore, it is necessary to process the
signal in a way which prevents overmodulation after the signal
input to the transmitter is pre-emphasized.

Pre-emphasis control in the processor is performed by
limiters 3 and 4 which are part of a circuit that emulates the
voltagegain transfer function of the transmitter pre-emphasis
network. Each limiter has a limit threshold of 1 V and an
inverting gain below threshold of unity. The signal input to
limiter 3 is the signal output of limiter 2 multiplied by the 78 in
the transfer function of Eq. 31). The 78 voltage-gain transfer
function is realized by Aj and A, The output of limiter 3 and
the output of limiter 2 multiplied by the 1 in Eq. (1) are added
by As. This sum signal is limited by limiter 4. Limiter 4 is
necessary because the output of Ay can have peaks that are 3 dB
above the 1 V limit threshold of the preceding limiters.

Although the output signal from limiter 4 has well de-
fined peak levels, a peak clipper is used as a safety clipper to
prevent transient overshoots from exceeding the 1 V limit thres-
hold. The peak clipper function is realized %y diodes D, through
Ds and A;. Because the output signal from the clipper is pre-
emphasized, i.e. it is multiplied by F(s) of Eq. (1), a de-empha-
sis network having a voltagegain transfer function equal to the
reciprocal of F(s) must be used to restore the original frequency
balance to the signal. This is accomplished by resistors Ras and
Ras and capacitor Cs. Ag and A,, form a balanced line driver
output stage.

III. THE PRE—EMPHASIS CONTROLLER

This section describes the design of the pre-emphasis

controller circuits. The first stage of pre-emphasis control is
provided by Aj through Ay and limiter 3. block diagram
which models the function of this circuit is given in Fig. 2. The
voltage at the input is applied to a second-order low-pass filter.
The voltage at the output of the filter drives two parallel paths.
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Fx% 2. Block diagram representation of the pre—emphasis con-
troller filters.

One path consists of a hiih-pass filter with gain followed by
limiter 3. The second path consists of a low-pass filter. The
outputs from the two parallel paths are summed to form the
output voltage. The overall voltagegain transfer function of the
circuit is given by

Yo, 1
\A (‘r2s)2 +798/Q + 1

.[ B xks] (2)

'rss+1 ‘rss+1

where 71 = 75 us, 79 = 8.92 us, 73 = 13.03 us, Q = 1.46, and k;
is the absolute value of the volta§e gain of limiter 3 (0 < kg < 1).
The transfer function is of the form (1 + k37;8) multiplied by
the transfer function of a 3rd-order 0.2 dB ripple Chebyshev low-
pass filter having a cutoff frequency of 15 kHz.

Flﬁ 3 illustrates the frequency responses of the circuits
diagramed in Fig. 2. The gain of limiter 3 is taken to be unity
for the figure. Curve a gives the frequency response from the
input through the lower path in Fig. 2 to the output. Curve b
gives the frequency response from the input through the upper
path to the output. Curve c gives the frequency response from
the input to the output for the two paths simultaneously. The
vertical line in the ﬁﬁure is at 15 kHz. Curve c follows the Bode
plot for the pre-emphasis transfer function of Eq. (1) within 0.2
dB from 0 to 15 kHz.
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Fig. 3. Calculated gain versus frequency of the pre-emphasis
controller filters. Both axes use log scales.

For signal frequencies below 15 kHz, the 3rd-order Che-
byshev transfer function has essentially unity gain so that the
eg‘ective overall transfer function of the circuit diagramed in
Fig. 2 can be considered to be (1 + ky7;8). If ks = 1, this is the
pre-emphasis transfer function of Eq. (1). If gain reduction in
limiter 3 occurs on high-frequency signals, the effect is to mo-
mentarily reduce the pre-emphasis time constant so that the
peak output voltage of limiter 3 cannot exceed 1 V. Thus the
two input voltages to the summer in Fig. 2 are each peak limit-
ed to 1 V. Because the two signals differ in phase by 909, the




output of the summer can have peak levels 3 dB above the 1 V
limit threshold of the preceding limiters. This follows because
1 + j1 has a magnitude equal to the square root of 2 or +3 dB
on a decibel scale. The purpose of limiter 4 is to limit the
ountput of the summer to a peak level of 1'V.

An important consideration in the design of the circuit
diagramed in Fig. 2 is that the two parallel paths preceding the
summer have equal phase delays. If the delays are not the same,
a delay equalizer would be required in one path in order for the
signals to add with the correct 90° phase difference in the sum-
mer. Otherwise, the frequency response of the circuit would not
be correct. To achieve equal delays, a pole in one path must be
duplicated in the other path. This is achieved by factoring the
first-order pole term (1 + 738) from the 3rd-order Chebyshev
low-pass transfer function and realizing this pole in each path.
In the upper path of Fig. 2, the pole is realized as part of a high-
pass filter having the gain 74/7y = 5.76 (15.2 dB). In the lower
path, the pole is realized as part of a low-pass filter. It follows
that the signal inputs to the summer in the figure differ in phase
by precisely 900 at all frequencies. The pole frequency for the
(1 + 78) term is 12.2 kHz.

Because the output of limiter 4 can contain tramsient
peak overshoots above the 1 V limit threshold, a peak clipper is
used to prevent these from exceeding 1 V. The peak clipper is
realized in Fig. 1 by Ag and A7 and D, through Ds. Agis a gain
stage that drives both a center clipper consisting of diodes D,
through D4 and the inverting input of a differential amplifier
realized by A;. The threshold of the center clipper is set by the
voltage across zener diode Djs. The output from the center
clipper drives the non-inverting input of the differential ampli-
fier. The differential amplifier subtracts the two signals, thus
realizing a peak clipper function. To obtain a hard clipper
characteristic, the non-inverting gain of the differential amplifier
is approximately 5% higher than the inverting gain.

Under conditions of no gain reduction in limiter 3, the
signal output of A; is pre-emphasized according to the transfer
function of Eq. (1). To restore the frequency balance to the
gignal, it must be low-pass filtered by a circuit with the voltage-
gain transfer function given by the reciprocal of Eq. (1). This is
realized by Ras, Ras, and Cs. The filter also removes transient
distortion produced by the safety clipper. Ay drives P53 which
setg ;he input level to the balanced line driver realized by Ay
an 10+

w

57

1 ‘\
0.1 \
100 frequency 20k

Fig. 4. Calculated gain versus frequency of the overall pre—
emphasis controller circuit for seven different input levels. Both
axes use log scales.

Fig. 4 illustrates the frequency responses of the pre-
emphasis controller for seven different input signal levels. The
upper curve is calculated for a 1 V peak input si al. This curve
corresponds to the Bode plot for the reciprocal of the pre-empha-
gis transfer function of Eq. (1). The lower curve is calculated for
a 0.125 V peak input signal. Because limiters 3 and 4 do not
limit at this signal level, the lower curve corresponds to the
Bode plot of the third-order Chebyshev low-pass filter. The’
frequency responses illustrated in Fig. 4 are calculated for a
continuous sine-wave input signal. For an audio signal input,
the bandwidth of the circuit varies dynamically with the signal
in z;(lil(:h a way that the signal is peak limited when pre-empha-
sized.

IV. THE PEAK LIMITER CIRCUIT

This section describes the design of the four limiter
circuits used in the processor. Fig. 5 gives the basic circuit
diagra.m of the limiters. The gain control element is a p-channel
JFET operated in the triode region as a variable resistor. Al-
though a voltage controlled amplifier (VCA) or an analog multi-
plier are also used in such applications, the JFET was selected
because of the simplicity of the circuit. R, through Rs give A,
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Fig. 5. Circuit diagram of the four limiter circuits.
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an inverting ga.in of 1.06 (0.5 dB) with JFET J, omitted. Po-
tentiometer P; adjusts the DC gate voltage on J, so that the
quiescent gain of A; is unity. This biases J; just into the triode
region. The signal output of A is detected by A; and A; and
BJT’s Q; through Q3 which form a full-wave rectifier voltage-to-
current converter with threshold. P, sets the threshold voltage
of the detector to 1 V. If the absolute value of the peak output
voltage of A, exceeds 1 V, Ay forces Q; to conduct. The collec-
tor current in Q is mirrored into the collector of Qs by the
current mirror formed by Q; and Q;. The current output of Qs
charges C; causing the output voltage of A4 to decrease from the
quiescent level set by P,. This causes the drain-to-source resis-
tance of J; to decrease, thus decreasing the gain of the circuit.

‘The JFET is not a linear resistor in its triode region
unless one-half the drain-to-source voltage is fed back into the
gate. This is accomplished by the addition of Ry4. The condi-
tion for linearization of the JFET is RyRs/RoRy=1/2. In
case the required value for R 4 exceeds available value resistors,
a three-resistor T-network can be used in place of Ry4.

With P, adjusted as described and Rjs = Rys, the smali-
signal gain of A, as a function of the control voltage V¢ on C; is

given by

|o*

-1
e 3)
i 1+ VC/VA

<

where V4 = VpiR3/2RR:lpss. In this equation, Ipsg is the
JFET drain-to-source saturation current and Vp is the pinch-off
voltage (Vp is a negative number). It is assumed that the
absolute value of the drain-to-source voltage is less than about
| Vp|/10 so that the JFET is in its triode region. The condition
that the absolute value of the drain-to-source voltage equal
| Ve|/10c is Ry = R3| Vp]/10cVr, where c is a constant and Vg
is the limiter threshold voltage. In the realization of the four
limiters, R, and R; were chosen to satisfy this condition with
c¢=5.8 and Vr =1 V. This allows transient overshoots of 15.3
dB above the detector threshold before the absolute value of the
drain-to-source voltage reaches | Vp|/10.

Eq. (3) can be used to calculate the ratio of the maxi-
mum {0 the minimum gain for A;. Maximum gain occurs when
V¢ = 0 and minimum gain occurs when V¢ = [Vp]. It follows
that the ratio of the maximum to the minimum gain for A; is
Eiven by 1 + 2IpssRiRa/|Vp|Rs. In the realization of the four

imiters, this was taken to be 20 (26 dB).

In order to calculate the attack time constant of the
limiter, Eq. (3) must be approximated by an equation that is

linear in V¢. This is taken to be
Yo
Tl (k - VC/VB) (4)

[

Fig. 6 shows the actual attenuator gain and two approximations.
Curve a gives the actual gain calculated from Eq. (3) with V4 =
0.153 V. Curve b gives the approximate gain calculated from
Eq. (4) withk = 1 and Vp = 2V, = 0.307 V. Curve c gives the
approximate gain calculated from Eq. (4) with k = 0.625 and Vg
= 8V, = 1.226 V. Curve b approximates curve a for a gain in
the range of 1 to 0.5 (0 to 6 dB of gain reduction) and curve ¢
approximates curve a for a gain in the range of 0.5 to 0.25 (6 dB
to 12 dB of gain reduction). .

Cy in Fig. 5 is a DC blocking capacitor which can be
replaced by a short circuit for purposes of defining the attack
time constant of the circuit. It is assumed that the input vol-
tage is initially at zero, that the initial voltage on C3 is zero,
and that curve b in Fig. 6 can be used to model the gain. For an
input voltage step having an absolute value of V,, where V, is
greater than the detector threshold voltage of 1 V, the differen-
tial equation for the control voltage on C; is

1

Fig. 6. Calculated gain of the JFET attenuator as a function of
control voltage and two straight—line approximations to the
curve.
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In this equation, 7, is the attack time constant of the circuit
which is given by

(5)

.- B30 (©)
® 1+ (Rya/RglRy0) (Vy/Vp)

This equation shows that the attack time constant decreases as
V,increases. This is a desirable characteristic for a limiter. For
purposes of calculations in the design phase, V, was taken to be
2 V, i.e. twice the detector threshold voltage. This value causes
the gain reduction to be 6 dB so that curve b in Fig. 6 repre-
sents an acceptable approximation. If the input voltage drops
from V; to some value less than 1 V, the detector cuts off and
the release time constant is given by

T, = R1302 (7

The transient response of the limiter is illustrated in the
SPICE simulation of the circuit given in Fig. 7. The attack
time constant for the circuit simulated was 7, = 0.1 ms. Curve
a shows the input signal which is a 1 kHz sine wave with a peak
amplitude of 2 V. Curve b shows the limiter output signal
which overshoots the limiter threshold of 1 V by about 40% on
the first half cycle. By the fourth half cycle, the peak output
voltage has been reduced to approximately 1 V. Curve ¢ shows
the voltage at the emitter of Q; multiplied by 2. The current
which charges Cj is proportional to this voltage. Curve d shows
the gain control voltage on C; multiplied by 5. This voltage
increases only during the intervals that Q, conducts.

The JFET type used in the realization of the four limit-
ers is the 2N5462. The units used were approximately matched
and had the average parameters Ipgg = 6.2 mA and Vp = -2.9
V. The attack and release time constants used for the four
limiters are as follows: limiter 1 — 73 = 0.5 ms and 7y = 0.51 s,
limiter 2 — 75 = 10 us and 7 = 51 ms, and limiters 3 and 4 — 7,
= 2 us and 7 = 16 ms.

Not shown in Fig. 5 are the circuits which drive the front
panel meters that indicate the amount of limiting in each
channel of the processor. To derive a meter drive signal, the
Q2—Q3 current mirror is modified by the addition of a third
PNP BJT. The current in Q3 is mirrored into the added transis-
tor. The collectors of the four added BJT’s in each channel are
connected in parallel to the inverting input of an op—amp used
as a current-to-voltage converter with an integrating capacitor
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Fig. 7. SPICE simulations illustrating the transient attack of the limiter with a sine wave input signal.

in parallel with the feedback resistor. Separate current-to-
voltage converters are used to drive the two front panel meters.
Each meter reading is a weighted average of the total gain
reduction in that channel.

V. CONCLUSIONS

Both the system design and the circuit design details of a
peak-limiter processor for FM broadcasting have been presented.
Although limiters which perform similar functions are currently
used in broadcasting, it is difficult or impossible to find design
details published in the technical literature. This paper docu-
ments some of these details. The deshgn of the pre-emphasis
controller filter by factoring a third-order Chebyshev low-pass
filter transfer function is believed to be original. The circuit de-
scribed has the desired feature that the phase delays are equal in
two parallel paths which are summed to form an output signal.
The peak limiter circuit described is an extremely simple but
very effective circuit which can be realized with a single quad
op—amp.

The distortion produced by overmodulation of FM trans-
mitters by sibilant sounds is discussed in [1] where the use of a
peak clipper after the pre—emphasis network is recommended.
An identical solution to the pre—emphasis problem is described
in (2]. Because of the distortion produced by peak clipping, it is
believed that a pre—emphasis controller such as the ome

described here is a much more elegant solution to this problem
than a simple peak clipper.
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