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FUNDAMENTAL FREQUENCY EXTRACTING
SYSTEM

This application is a continuation in part of my appli-
cation Ser. No. 74,228, filed Sept. 10, 1979.

DESCRIPTION

The present invention relates to systems for extract-
ing or selecting the fundamental frequency or pitch of a
complex wave, and particularly to a system for extract-
ing the pitch of the spoken or singing voice or of an
instrument as it is played.

The present invention is especially suitable for use in
electronically enhancing music by providing tones
which follow the fundamental frequency or pitch of the
music and have the same pitch or a pitch related
thereto.

Complex waves such as audio signals produced by a
vocalist or instrumentalist are exceedingly rich in over-
tones. When it is desired to extract or select the funda-
mental frequency or pitch of the audio, it is necessary
not to respond to any of the overtones.

It is therefore a principal object of this invention to
provide an improved system for extracting the funda-
mental frequency component of a complex wave such
as the pitch of a voice or of an instrument or other
acoustical signal in which the response of the system to
overtones, rather than the fundamental frequency of the
complex wave, is reduced.

It is another object of the invention to provide a
system for producing an output signal of frequency
which follows the fundamental frequency of a complex
wave such as the pitch of acoustical signals of a vocalist
or instrumentalist in which response to overtones is
reduced. )

It is a feature of this invention to provide a system in
which the presence of a lower frequency signal which
may correspond to the fundamental frequency of an
input complex wave is used to silence, squelch, gate out
or otherwise suppress any higher frequency waves in
order to eliminate unwanted overtones and to provide
an output exclusively containing the fundamental fre-
quency component of the wave.

Briefly described, a system for extracting the funda-
mental frequency component of a complex wave in
accordance with the invention makes use of means for
detecting the fundamental component of the wave
when it is present in any of a plurality of successively
wider bands of frequency, each of these bands is wider
than the preceding band by a frequency increment not
exceeding an octave of the highest frequency of the
preceding band. To this end a number of channels with
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low pass filters may be provided. The filters have cutoff 55

frequencies which are successively higher, with the
frequency increment of the highest frequencies in adja-
cent channels being an octave or less of the next lower
channel filter. Means responsive to the detection of the
component in any of the bands which are wider in fre-
quency. For example, control voltage generators asso-
ciated with each of the channels obtain from the lowest
frequency channel which passes a signal (that channel
being the one that passes the fundamental frequency
component), a control voltage which gates out or other-
wise inhibits the higher frequency channels.

More specifically, the features of the invention may
be obtained by reason of the use of some or all of:
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(1) an array of frequency selective channels contain-
ing low pass filters which cover successively wider
bands which increase in frequency by intervals not
exceeding an octave, at least, as many channels being
provided as the number of octaves in which the funda-
mental frequency to be extracted may exist;

(2) means for deriving control voltages at the low
pass filter outputs of all but the highest frequency chan-
nel;

(3) means, such as gates, in all but the lowest fre-
quency channel for inhibiting the detection of the fun-
damental frequency component in all but that lowest
frequency channel;

(4) means for routing the control voltage derived in
the lowest frequency channel in which a signal is de-
tected, for actuating the gates to inhibit all such higher
frequency channels;

(5) distorting means, such as half wave rectifiers, at
the input of each low pass filter in each channel to
derive the fundamental frequency as from input waves
with strongly emphasized formants; v

(6) an output circuit such a summing circuit con-
nected to each channel at the output of which the se-
lected fundamental frequency component is provided;

(7) an output gate which is enabled only after the
fundamental frequency component is extracted (viz., a
certain delay time after the input wave is applied to the
system), and

(8) a voltage controlled oscillator which provides a
tone related to the extracted fundamental frequency and
can be at the same frequency or separated from the
fundamental frequency by a frequency interval lower or
higher than the fundamental frequency.

The foregoing and other objects, features and advan-
tages of the invention will become more apparent from
a reading of the following description in connection
with the accompanying drawings, in which:

FIG. 1is a block diagram of a fundamental frequency
extracting system in accordance with an embodiment of
the invention;

FIG. 2 is a more detailed diagram showing an em-
bodiment of the system illustrated in FIG. 1;

FIG. 3 is another more detailed diagram showing
another embodiment of the system illustrated in FIG. 1;

FIG. 4 is a schematic diagram of an alternate rectifier
which may be used in the system shown in FIG. 3;

FIG. 5 is a schematic diagram of the delay circuit
shown in FIG. 3.

Referring first to FIG. 1, the input signal to the sys-
tem is applied to the input terminal 10, as from an ampli-
fier connected to a microphone which picks up the
sound from the performing vocalist or instrumentalist.
This input terminal is connected to a plurality of chan-
nels 12, 14, 16 and 18. Each of these channels contains
a separate fundamental frequency extractor which se-
lects the fundamental frequency when it is present in
bands which are successively wider in frequency. The
first or lowest frequency extractor for band 1 covers the
band from 0 Hz to f; or from the lowest frequency
chosen for the system, identified as fo Hz to f; Hz,
where, for instance, fo may be not 0 Hz but 50 Hz to
make the system less sensitive to ambient rumble or the
like, which might produce wrong readings. The funda-
mental frequency is selected by the band 2 selector in
the adjacent channel 14, when that fundamental fre-
quency is between fo Hz and f; Hz. The third channel
covers the third successive band, band 3, which extends
from fgto Hz to f3 Hz. A number of other channels may
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be provided. In general, the highest frequency in which
the fundamental frequency is expected, fy Hz, is cov-
ered by the band N extractor which is contained in the
highest frequency channel 18, which covers the band
from fo Hz to fiy Hz. In order to avoid overtones to be
mistaken as the fundamental frequency, the difference
between the highest frequencies of adjacent channels is
less than an octave of the lower frequency one of the
adjacent channels. Thus, where the highest frequencies
of the bands are {1, [, f3, . . . fa.1, &, as shown in FIG.
1, the frequency increment or difference between the
highest frequencies of the bands in adjacent channels
does not exceed an octave. Stated mathematically
=60, BR)=h. . Eviv) S v

Consider for example the case where there are four
channels where f1, f3, f3 and fiyare 150 Hz, 300 Hz, 600
Hz and 1200 Hz respectively. If the fundamental fre-
quency component of the input wave is above 150 Hz,
the first channel 12 becomes inactive and the second

channel would extract the fundamental frequency, if 20

that frequency was below 300 Hz. Similarly, higher
fundamental frequencies would be extracted in the third
or fourth channels 16 or 18 depending upon the fre-
quency. In this example, the increment between adja-
cent frequencies is one octave of the highest frequency
of the lower band and a second harmonic overtone may
not be sufficiently suppressed. To this end it is prefera-
ble to reduce the frequency increment somewhat below
an octave. The highest frequencies of the bands may
suitably be, as shown in FIG. 2, 120, 200, 320, 540, 900,
and 1500 Hz; six succcessively wider bands being pro-
vided.

The outputs of each of the extractors in each of the
channels 12, 14, 16 and 18 are connected to isolating or
summing resistors 20, 22, 24 and 26, to the fundamental
(Fo) output 28 of the system via an amplifier 30 and an
analog gate 32. A delay circuit 34, which may include a
threshold sensitive device such as a trigger circuit, pro-
vides an inhibit input to the gate for a predetermined
time at the beginning of each complex wave, such as a
formant of voice or a continuous passage of music. Until
the delay interval expires, the gate 32 is inhibited and
the output to the terminal 28 is suppressed or switched
off. This avoids pitch uncertainties until after the com-
pletion of the fundamental frequency selection in the
extractors of the channels 12, 14, 16 and 18.

In order to reduce the possibility that an overtone
(viz, a harmonic) is selected instead of the true funda-
mental frequency component, control voltage genera-
tors 36, 38 and 40 are connected to the output of the
extractors in each channel except for the channel cover-
ing the highest frequency band. Control voitages are
obtained from the lowest frequency channel that carries
a signal. This is the channel that passes the fundamental
frequency component. The control voltages are routed
from the generator 36 which is connected to the lowest
frequency channel to inhibit all of the higher frequency
channels; for example by inhibiting or switching off the
input to the extractors for the higher frequency bands,
viz., bands 2, 3, . . . N. Similarly, the control voltage
generator for the band next to the lowest frequency
band is connected to inhibit the channels for the higher
bands, which are shown as bands 3, . . . N. The control
voltage generator 40 produces control voitages which
inhibit the still higher frequency channels (viz., the band
N channel 18). Accordingly, only the lowest frequency
channel which extracts a signal is activated and opera-
tive to provide an output and this output is the funda-
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mental frequency component of the input wave. The
fundamental frequency component is therefore clearly
defined and the system response to any overtones is
reduced.

While it may be desired to use the fundamental fre-
quency component directly by connecting an amplifier
or sound reproduction system to the output terminal 28,
it may also be desirable, in order to further define the
fundamental frequency, to regenerate it by means of a
voltage controlled oscillator 42. A control voltage gen-
erator 44 converts the frequency into a control voltage
which varies the frequency of the voltage control oscil-
lator so that it tracks the fundamental frequency. The
control voltage generator may be a frequency discrimi-
nator, such for example as a voltage limiter (clipper)
followed by a full wave rectifier. The full wave rectifier
then provides a voltage corresponding to the DC value
of the fundamental frequency signal which, is propor-
tional to the frequency thereof. The control voltage
generator may also be a known circuit for frequency to
voltage conversion, such as a phase locked loop.

It may however be desired to provide an output fre-
quency (indicated as Fx at the output terminal 43) of the
voltage controlled oscillator which is related to the
fundamental frequency, but is not exactly equal thereto.
The voltage controlled oscillator for example may op-
erate at a frequency increment higher or lower than the
fundamental frequency or may be a function of the
fundamental frequency as may be determined by a func-
tion generator connected to, or as a part of, the voltage
generator 44. ‘

Referring next to FIG. 2, the input wave is applied to
the input terminal 10. A variable gain amplifier 50 may
be provided for signal level adjustment. The output of
this amplifier is connected to fundamental frequency
extractors in five separate channels 52, 54, 56, 60 and 62,
which cover successively wider frequency bands. As
discussed above by way of example, the frequency in-
crements between the highest frequency in each of
these bands is less than an octave of that highest fre-
quency. In the example shown in FIG. 2 the band cov-
ered by the first channel 52 is from O to 120 Hz. The
band covered by the second channel 54 is O to 200 Hz.
The band covered by the third channel 56 is O to 320
Hz. The fourth channel 58 covers the band from O to
540 Hz. The fifth channel 60 covers the band from 0O to
900 Hz, and the sixth channel 62 covers the band from
0 to 1500 Hz. Accordingly fundamental frequencies
from O to 1500 Hz may be selected in this example.

The fundamental frequency selectors in each channel
are all similar and contain a half-wave rectifier followed
by a low pass filter. The half-wave rectifier is provided
by an operational amplifier having direct and inverting
inputs and a feedback loop from the output to the in-
verting input through a diode. The input signals are
applied to the direct input and half-wave rectified sig-
nals are obtained and applied to a filter circuit consist-
ing of a resistor 63 connected in parallel with a capaci-
tor 64 through another resistor 66 (shown for channel
52 which is typical). The resistor 66 may be of relatively
low value, such as a 100 ohms in order to suppress any
relaxation oscillations. The half-wave rectifier functions
as a distorting means which emphasizes or restores the
fundamental frequency of waves, particularly those
with a strong formant. A full wave rectifier is of course
undesirable since it would generate the second har-
monic rather than the fundamental frequency compo-
nent itself, as in case of receiving a sine wave input. The
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resistor 63 and capacitor 64 define a low pass filter and
the values of this resistor and capacitor are chosen to
provide a cutoff frequency equal to the highest fre-
quency in the band which is to be passed by the particu-
lar channel. In the case of the lowest frequency channel
52, this frequency is 120 Hz. In order to provide even
more low pass selectivity, an active low pass filter is
connected to the output of the filter provided by the
resistor 63 and capacitor 64. This low pass filter is pref-
erably an active filter utilizing a second operational
amplifier.

The outputs of the low pass filters are connected
through summing resistors to a summing stage which
preferably has gain and provides amplification of the
selected fundamental frequency component. The output
of the summing stage then passes through the output
gate 32 to the fundamental output terminal 28. A volt-
age controlled oscillator 42 controlled by a control
voltage generator 44 may provide an output at terminal
43 which is related to the fundamental frequency com-
ponent as discussed in connection with FIG. 1. At the
inputs of each of the channels are gates provided by
separate field effect transistors. These field effect tran-
sistors are part of an integrated circuit or solid state
analog switch 70. This switch contains four gates. Since
six gates are needed in the illustrated system, another
analog switch circuit 72 is provided. These circuits may
be of the type available from Intersil, Inc. of Cupertino,
Calif., 95014, their type No. 1H505213 and other types
such as CD 4016 of RCA. The gates indicated as gates
1 through 5 are provided at the input of each channel
except the lowest frequency channel 52. All of the

" channels except the highest frequency channel 62 has its
output connected to a control voltage generator pro-
vided by a comparator 74. The low pass filter is con-
nected to the inverting input of the comparator. The
comparator has a high value feedback resistor 76 con-
nected between the output and the direct input thereof
such that it acts like a Schmidt trigger. A threshold
level is applied from a potentiometer 78 to the direct
input of the comparator. The same threshold voltage is
applied by way of a bus 80 to the direct inputs of all of
the comparators for all of the channels. The output of
the low pass filters, which is further ripple filtered by
the capacitor and the resistors connected at the input of
each comparator, 74, causes the comparator to provide
a negative output voltage. In the absence of a signal
from the low pass filter connected thereto, the output of
the comparator is positive. Diodes connected to the
output of the comparators route the control voltage to
the gates of the higher frequency channels. Positive
control voltage which is present in the absence of a low
pass filter output enables the gates. However, a negative
control voltage is blocked by the diodes and ground
potential is then applied to the gates which inhibits the
gates. Accordingly all of the channels except the lowest
frequency channel which carries a signal passed by the
low pass filter thereof are inhibited. While the use of
sensitive comparators as control voltage generators is
preferred, other circuits for generating control voltages
such as full wave rectifiers, may be used.

In order to insure that a fundamental frequency com-
ponent is detected, the output gate 32 is inhibited by a
NAND gate 84 until one of the inputs thereof goes low
which is indicative of the detection of the fundamental
frequency component by one of the channels. Then,
after a delay in the delay circuit 34, the output gate 32
is enabled.
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Referring to FIG. 3, there is shown a system similar
to FIG. 2, but with A.C. coupling from the predistor-
tion, half wave rectifiers to the filters. In order to have
an A.C. signal in the low pass filters 352, 354, 356
through 362, a decoupling capacitor 388 is connected
between the distorting input stages (half wave rectifier)
364 and the low pass filters 352, 354, 356, . . ., 362. As
discussed above, the purpose of this predistortion is to
reconstruct a missing fundamental from a sound with
strong harmonic overtones thereof by rectification and
subsequent low pass filtering through resistor 366 and
capacitor 364. In a typical channel, the reconstructed
fundamental is low pass filtered in the low pass filter
stage 352 and subsequently rectified in the rectifier 386,
symbolically shown in FIG. 3 as a half wave rectifier. It
will be understood, that a full wave rectifier could be
used, such as shown in FIG. 4. The control voltage
generated in the rectifier 386 enters through a resistor of
medium size (typically 10 kohm) the non-inverting
input of the comparator 390, the inverting input of
which is connected through a resistor of the same size
to a bus 378 carrying a slightly negative bias voltage.
Thus, in the quiescent state the output of comparator
390 will be positive, and no current will flow through
the diodes 386 and the bleeding resistors, typically rep-
resented by the resistor 382, to ground. A high value
feedback resistor 392 from the comparator output to its
non-inverting input (for instance 1 megohm) causes the
comparator 390 to act as a Schmidt Trigger and to
maintain its output state until a sufficient negative con-
trol voltage level is generated in rectifier 386. After
such a control level is reached, the output voltage of the
comparator 390 flips over to the negative state, and the
negative potential is conducted to at least one of the
inputs of the NAND gate 384.

Considering the performance of the 120 Hz channel
(chosen as an example), the negative control voltages,
passing the group of the § diodes shown at the output of
comparator 390, reach the gates G1, G2, . . . G5 and
inhibit these gates so that no signals will reach the sub-
sequent circuitry in the higher frequency channels. The
reference potential to the NAND gate 384 (not shown)
is held negative so that its inputs are positive and its
output negative in the quiescent state. Due to its typical
performance its output will become positive, when any
of its inputs become negative.

The output of the NAND gate 384 is connected to
the input of the DELAY circuit, identified with nu-
meral 334 in FIG. 3. A suitable configuration of this
delay circuit is shown in FIG. 5. The input of this delay
circuit is connected to the output of the NAND gate.
The delay circuit comprises an input resistor 502 and a
capacitor 504. This R/C combination forms a time con-
stant element determining the speed, at which the DC
potential change from the NAND gate becomes effec-
tive at the non-inverting input of the comparator 506.
The input resistor 508 and the positive feedback resistor
510 are optional and may convert this comparator into
a Schmidt Trigger. The typical component values may
be, for instance, 20 Kohm for resistor 502, 1.0 mfd for
capacitor 504, 10 Kohm for resistor 508 and 1 Megohm
for resistor 510. The negative bias voltage provided for
the inverting input of the comparator 506 is chosen so as
to interface the level of the delay circuit to the operat-
ing levels received at the output of the NAND gate.
The control voltage received at the output of the com-
parator 506 may be applied to a voltage divider formed
of the resistors 512 and 514, the latter resistor 514 being
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connected to a reference potential, in order to derive
the correct voltage level required for the control elec-
trode of the output gate.

Referring to FIG. 4, the input to the full wave recti-
fier shown therein is connected to the output of a low
pass filter (typically represented by 352 in FIG. 3). The
input resistor 402 (for instance 2.2 Kohm) is provided to
prevent excessive loading of the operational amplifier
output of the low pass filter. The input resistor is fol-
lowed by diode 404 and resistor 406 connected to the
inverting input of an operational amplifier 408. Positive
half waves from the circuit input are limited in voltage
level, say to about +0.6 volts, depending upon the type
of diode 410 used. The cathode of the diode 410 is con-
nected to ground potential. At negative half waves,
resistor 412 provides a ground reference potential for
the inverting input of the amplifier 408 through resistor
406. Typically, resistor 412 may be 20 Kohms and resis-
tor 406 may be 200 Kohms. A negative feedback resis-
tor 414 (for instance 4.7 Megohms) is provided to deter-
mine the gain of the amplifier 408, which in case of the
above mentioned exemplary component values would
be 23.5. In addition to the branch leading to the invert-
ing input of the operational amplifier 408, the branch
comprising diode 416 and resistor 420 leads to the non-
inverting input of the amplifier 408. At negative half
waves from the circuit input, diode 416 becomes con-
ductive, and the negative half wave is limited to about
0.6 volts, depending upon the type of shunt diode 418.
Resistor 420 provides a reference potential to the non-
inverting input of amplifier 408, when no current is
flowing through diodes 416 and 418. Evidently the
positive (flattened) half waves arriving at the inverting
input of the amplifier 408 are amplified and inverted to
provide negative flattened half waves at the output. The
negative flattened half waves arriving at the non-invert-

20

ing input of the amplifier 408 appear as amplified non- -

inverted (hence negative) flattened half waves at the
output. The output signal of 408 is fed through a protec-
tive resistor 422 (for instance 1 Kohm) and a diode 424
to the output. Capacitor 426 (typically 0.22 mfd) serves
as spike suppressor and resistor 428 (typically 100
Kohm or less) as a means to provide a reference poten-
tial in the quiescent state.

From the foregoing description it will be apparent
that there has been provided an improved system for
selecting the fundamental frequency component of a
complex wave. Modifications and variations of the
hereindescribed system will undoubtedly suggest them-
selves to those skilled in the art. The foregoing descrip-
tion should be taken merely as illustrative and not in any
limiting sense.

I claim:

- 1. A system for extracting the fundamental frequency
component of a complex wave such as the pitch of a
voice or of an instrument, which system comprises a
plurality of channels each having a single means for
detecting the fundamental component of said wave
when it is present in any of a plurality of successively
wider bands of frequency, each being wider than its
preceding band by a frequency increment not exceeding
an octave of the highest frequency of the preceding
band, and means responsive to the detection of said
fundamental component in each of said bands for gener-
ating a control signal, a plurality of gating means for
applying said control signal through separate ones of
said gating means, to each of said channels for said
bands of frequency higher than the channel generating
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said control signal for inhibiting the detection of said
fundamental component in each and all of said higher
frequency bands.

2. The invention as set forth in claim 1 wherein said
detecting means comprise a plurality of fundamental
frequency extractor means which are responsive to said
fundamental component in said successively wider
bands having highest frequencies of f1, f2, f3. . . fa1, f&
where said increment, (f2-f1), (f3-f2), . . . (En-fac1) does
not exceed said octave such that (f>-f1) =1, (f3-f) =1, .
. EN-Env) =L

3. The invention as set forth in claim 2 further com-
prising a plurality of channels each having a separate
one of said extractor means therein, and said extractor
means having low pass filter means having cutoff fre-
quencies of said frequencies f1, fa, f3. . . fa.1, fy respec-
tively in different ones of said channels.

4. The invention as set forth in claim 3 wherein each
of said extractor means has, at the input of the low pass
filter thereof, means for distorting said wave to derive
the fundamental frequency component thereof.

5. The invention as set forth in claim 4 wherein said
distorting means comprises means for half wave rectify-
ing said wave.

6. A system for extracting the fundamental frequency
component of a complex wave such as the pitch of a
voice or of an instrument, which system comprises a
plurality of channels each having means for detecting
the fundamental component of said wave when it is
present in any of a plurality of successively wider bands
of frequency, each being wider than its preceding band
by a frequency increment not exceeding an octave of
the highest frequency of the preceding band, means
responsive to the detection of said fundamental compo-
nent in each of said bands of frequency lower than any
other of said bands for generating a control signal and
applying said control signal to each of said channels for
said other bands inhibiting the detection of said funda-
mental component in each of said other bands, said
detecting means comprising a plurality of fundamental
frequency extractor means which are responsive to said
fundamental component in said successively wider
bands having highest frequencies of fy, 5, f3. . . fau1, fv
where said increment, (f-f1), (fs-f2), . . . (Ex-fv-1) does
not exceed said octave such that (f-f1)=f}, (f3-f2)=f; .
. . (En-fN1)=1N1), a plurality of said channels each
having a separate one of said extractor means therein,
and said extractor means having low pass filter means
having cutoff frequencies of said frequencies fi, f3, f3, .
.. Ia.1, fvrespectively in different ones of said channels,
said inhibiting means comprising means operatively
connected in each of said channels at the output of the
extractor means thereof, except for said channel having
said low pass filter means of cutoff frequency fy therein,
for generating control voltages upon detection of the
fundamental frequency component within the band
passed by the low pass filter means therein, and means
for applying said control voltages from each of said
channels having low pass filter means of cutoff fre-
quency lower than any other of said channels to each of
said other channels for inhibiting said other channels.

7. The invention as set forth in claim 6 further com-
prising means connected to said extractor means in each
of said channels for summing the outputs thereof to
provide said fundamental frequency component.

8. The invention as set forth in claim 7 further com-
prising means connected to the output of said summing
means and responsive to said fundamental frequency
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component for providing a control voltage related to
the frequency of said fundamental component, and volt-
age controlled oscillator means responsive to said con-
trol voltage for providing a signal of frequency related
to the frequency of said fundamental component.

9. The invention as set forth in claim 6 wherein said
‘each of said control voltage generator means comprises

comparator circuit means for providing said control.

voltage when the one of said extractor means connected
thereto provides an output exceeding a certain thresh-
old level, and wherein said control voltage applying
means comprises gate means at the input of each of said
channels except the one of said channels with the one of
said low pass filter means having the lowest of said
cutoff frequencies, and means connecting said compara-
tor means of each of said channels to the gate means of
each of said other of said channels having a low pass
filter means of higher cutoff frequency to apply said
control voltage to said gate means of said other chan-
nels for inhibiting said other channels.

10. The invention as set forth in claim 9 further com-
prising means connected to said extractor means in each
of said channels for summing the outputs thereof, gate
means connected to the output of said summing means,
means responsive to the presence of an output from at
least one of said comparator means for operating said
gate means which is connected to the output of said
summing means to inhibit the provision of said funda-
mental frequency component from the output of said
summing means.
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11. The invention as set forth in claim 10 wherein said
means for operating said gate means which is connected
to the output of said summing means is a NAND gate
having a plurality of inputs connected separately to
different ones of said comparator means, and the output
of said NAND gate being connected to enable said gate
means which is connected to the output of said sum-
ming means in the presence of an output from at least
one of said comparator means.

12. The invention as set forth in claim 7 further com-
prising means for delaying the provision of said funda-
mental frequency component from said summing means
for an interval of time after said wave is applied to the
inputs of said channels.

13. The invention as set forth in claim 1 wherein each
of said channels has fundamental frequency extraction
means operative over a different one of said bands, said
extraction means comprising -a half-wave rectifier and
low pass filter circuit, the cutoff frequency thereof
being the highest frequency of said band, said circuit
comprising an’operational amplifier having direct and
inverting inputs and an output, means for connecting
one of said inputs to receive said wave, a feedback loop
including a diode connected between said output and
the other of said inputs, and a first resistor connected in
parallel with a capacitor through a second resistor, and
first resistor also being connected to said feedback loop,
said first resistor and capacitor having values which
define a low pass filter cutoff frequency equal to said

last-named cutoff frequency.
* *x % * %



