3,499,991

March 10, 1970

L. E. CASSEL ETAL
VOICE-EXCITED VOCODER

. 1, 1967

Filed Aug

Y TZ/STHLNAS

TINN VD

NOLISIWINY YL~

MIZATENY

Xo#

FOWLS

INVENTORS

Y TLTS THLMS
NV E-877S

ONK T~ TS

TIobLS

YIS THLNAS

ONVE-E1S

FOVLS

YT/ TRUNAS
NV E - 8/

e - TOVLS
Z4 XUITLITT
1 “\N
e FOVLS
A il
Arz
' & 7 TOVLS
7 YOLITULITT
xzZ -
| Jovis |
7 YOLOHIT

LAWRENCE £ CASSEL
SOSEFPH A. SOSNOWISK/

AT TORNEY



United States Patent Of

3,499,991
Patented Mar. 10, 1970

ice

1

3,499,991
VOICE-EXCITED VOCODER
Lawrence E. Cassel, Norristown, and Joseph A. Sosnow-
ski, Conshohocken, Pa., assignors to Philco-Ford Cor-
poration, Philadelphia, Pa., a corporation of Delaware
Filed Aug. 1, 1967, Ser. No. 657,661
Int. Cl. HO4m 1/19
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ABSTRACT OF THE DISCLOSURE

A “voice-excited” vocoder in which a substantial replica
of the “base band” portion of the input speech wave is
reconstructed at the synthesizer from a plurality of slowly
varying signals representative of the frequency-vocal en-
ergy distribution of adjacent portions of the “base band”
of the input speech wave.

e —— R ——

Although human speech includes frequency compo-
nents extending from approximately 70 c.p.s. to 9,000
€.p.s., it is possible to transmit intelligible human speech
through a narrower passband. In ordinary telephone
transmission, the passband allotted to one speech channel
commonly extends from approximately 100 c.p.s., as its
lower limit, to an upper limit of approximately 3200
c.p.s. This passband, which is generally sufficient to en-
sure intelligible speech reproduction, represents a com-
promise between the desirability of high fidelity of re-
production and the desirability of economy in the alloca-
tion of channel space. However, even this restricted pass-
band presents problems where many messages are to be
transmitted over a limited number of transmission chan-
nels. .

Many systems have been proposed for transmitting
speech over a fraction of the passband ordinarily allotted
to a single speech channel in a telephone system. Most
of these systems are based upon the channel vocoder of
H. W. Dudley described in U.S. Patent No. 2,151,031,
issued Mar. 21, 1939. In this system an input speech
wave is supplied to a bank of contiguous bandpass filters
each of which is followed by a detector and a low pass
filter with a cutoff freqeuncy of approximately 20 c.p.s.
The output of each low pass filter is a slowly varying
signal whose instantaneous amplitude represents the in-
stantaneous amplitude of the vocal energy in the fre-
quency band with which it is associated. In addition to
these signals, the vocoder produces a signal representa-
tive of the fundamental or pitch freqeuncy of the input
speech wave and a signal which indicates whether a par-
ticular sound is voiced (periodic) or unvoiced (aperi-
odic). The signals are transmitted to a receiver station
and are there utilized to synthesize an artificial speech
wave having the characteristic pitch and frequency-vocal
energy distribution of the input speech wave. For this
purpose, the synthesizer includes a “buzz” source and a
“hiss” source which produce voiced and unvoiced signals,
respectively, in response to the incoming signals. The fre-
quency of the “buzz” source is determined by the pitch
signal.

The artificial speech wave synthesized by a channel
vocoder is uvsually intelligible but it lacks quality and
naturalness. These degradations are, in part, due to the
difficuity of determining the fundamental frequency
(pitch) of the input speech wave and of identifying
voiced segments of the input speech wave, and, in part,
to the requirement that the pitch and voicing of the ar-
tificial speech wave match that of the input speech wave.

To avoid these problems, the “voice-excited” vocoder
was developed. In the “voice-excited” vocoder, the low
frequency portion of the input speech wave (up to ap-
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proximately 1,000 c.p.s.), called the “base band,” is
transmitted to the synthesizer without a reduction in
bandwidth. The “base band” signal performs the func-
tion of both the “hiss” source and the “buzz” source of
the conventional channel vocoder, Correlation between
the pitch and the voicing of the input speech wave and
the pitch and the voicing of the synthesized speech wave
is achieved by spreading the frequency spectrum of the
“base band” signal, by nonlinear distortion, to generate
harmonic frequency components of the “base band” up
to the highest freqeuncy band to be synthesized. Since the
frequency sub-bands of a “voice-excited” vocoder are
derived directly from a portion of the input speech wave,
the periodicity and voicing of the input speech wave is
automatically reproduced without resort to “hiss” and
“buzz” sources.

As a result of -the automatic reproduction of the pe-
riodicity and voicing of the input speech wave, artificial
speech waves produced by a “voice-excited” vocoder are
superior to those produced by a channel vocoder. How-
ever, to accommodate the entire “base band,” “voice-
excited” vocoders require a larger transmission passband
than channel vocoders. :

It is therefore an object of the present invention to
provide a new “voice-excited” vocoder.

It is a further object of the present invention to pro-
vide a “voice-excited” vocoder that requires less trans-
mission bandwidth than prior art “voice-excited” vo-
coders.

According to the present invention, the aforementioned
“voice-excited” vocoder problem, i.e. the regiurement of
a large transmission bandwidth for the “base band” of
the input speech wave, is resolved by transmitting to a
speech synthesizer a plurality of slowly varying signals
representative of the frequency distribution and vocal
energy distribution of adjacent portions of the “base
band.” These slowly varying signals, which supply infor-
mation sufficient to synthesize a high quality speech wave,
requires only a fraction of the transmission bandwidth
required for the unmodified transmission of the “base
band.”

In a preferred embodiment of the present invention
the bandwidth require dfor a “voice-excited” vocoder is
reduced by supplying the “base band” portion of the in-
put speech wave to means for dividing the “base band”
into a plurality of contiguous frequency sub-band sig-
nals. Each frequency sub-band signal is supplied to means
which produce slowly varying signals representative of
the frequencies present in each sub-band and of the
vocal energy corresponding to these frequencies.

These signals, together with signals representative of the
vocal energy of the high frequency portion of the input
speech wave, are transmitted to a synthesizer which com-
prises means responsive to said signals for reconstructing
a signal representative of the frequency-vocal energy
characteristics of each of said frequency sub-bands, means
for combining said reconstructed sub-band signals to pro-
duce a control signal which is substantially a replica of
the “base band” portion of the input speech wave, means
utilizing said control signal for generating the high fre-
quency portion of the speech wave to be synthesized, and
means for combining said control signal and said high
frequency portion of the speech wave to produce the syn-
thesized speech wave.

For a better understanding of the present invention
together with other and further objects thereof reference
should now be had to the following detailed description
which is to be read in conjunction with the accompanying
drawing which is a block diagram showing a speech com-
munication system in accordance with the present inven-
tion.
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Referring to the drawing, there is shown the analyzer
and the synthesizer of the “voice-excited” speech com-
munication system of the present invention. At the an-
alyzer an electrical representation of a speech wave, such
as produced by a standard telephone carbon microphone,
is supplied through a “Vogad” (voice operated gain ad-
justing device) 2 and a pre-emphasis network 4 to the
“base band” processing portion 6 of the analyzer and to
the high frequency processing portion 8 of the analyzer.
The “Vogad” 2 maintains the input signal to network 4
at a relatively constant amplitude and the pre-emphasis
network 4 compensates for the unequal frequency-vocal
energy distribution characteristic of human speech.

The high frequency portion 8 of the analyzer com-
prises a plurality of bandpass filters 104, 1056 . . . 10n.
In accordance with conventional vocoder techniques, each
of the filters 10a, 105 . . . 10n is constructed to pass
adjacent frequency portions of the input speech wave ex-
tending from approximately 1100 c.p.s. to approximately
3200 c.p.s. Bandpass filters 10a, 105 . . . 10n are con-
nected to conventional amplitude detectors 12q, 126 . . .
12n, respectively, which are followed by low pass filters
14a, 14b . . . 14n, respectively. Amplitude detectors 124,
126 . . . 12n can include amplifier and peak detector
stages and each of the filters 14a, 146 . . . 14n can have
a band pass of approximately 30 c¢.p.s. The outputs of
filters 14a, 14b . . . 14n are slowly varying control
signals whose instantaneous amplitude represents the in-
stantaneous amplitude of the vocal energy in the frequency
band with which it is associated.

The low frequency portion 16 of the analyzer consists
of a plurality of bandpass filters 16v, 16w, 16x, 16y and
16z. In accordance with the present invention the filters
16v, 16w, 16x, 16y and 16z are constructed to pass ad-
jacent frequency portions of the input speech wave er-
tending from approximately 100 c.p.s. to approximately
1100 c.p.s. For example, bandpass filters 16v, 16w, 16x,
16y and 16z can be proportioned to pass vocal energy
in the sub-bands extending from 100 to 300 c.p.s., 300 to
500 c.p.s., 500 to 700 c¢.p.s., 700 to 900 c.p.s., and 900
to 1100 c.p.s., respectively. Additional sub-bands (not
shown) can be employed, if desired, by providing addi-
tional parallel paths identical to those shown and propor-
tioned to pass the desired frequency bands. Since the fre-
quencies measured in any one channel are harmonics of
the fundamental frequency, the centroid of each of the
filters 16v, 16w, 16x, 16y and 16z should be multiples
of the fundamental frequency. Thus, for a female voice
with a fundamental frequency of approximately 200 c.p.s.,
the centroids of the filters 16v, 16w, 16x, 16y and 16z
should be 200, 400, 600, 800 and 1000 c.p.s., respectively.

Filter 16v is coupled to a conventional amplitude de-
tector 18 and to a frequency detector 20 of a detector
stage 22v which also includes low pass filters 24 and 26
coupled to the detectors 18 and 20, respectively. The out-
put of filter 24, which can have a band pass of approxi-
mately 50 c.p.s., is a slowly varying signal whose in-
stantaneous amplitude represent the instantaneous ampli-
tude of the vocal energy in the frequency band defined by
filter 16v.

Detector 20, which may be a conventional ratio de-
tector, generates a signal the instantaneous amplitude of
which is substantially proportional to the instantaneous
variation of the frequency of the input signal thereto from
a mean value, e.g., the centroid frequency of filter 16v.
Low pass filter 26 passes the amplitude variations of the
signal generated by detector 20 up to a frequency of ap-
proximately 30 c.p.s.

Bandpass filters 16w, 16x, 16y and 16z are coupled to
detector stages 22w, 22x, 22y and 22z, respectively. Each
of the detector stages 22w, 22x, 22y and 22z, which can
be similar to detector stage 22v, produces a pair of slowly
varying signals; the instantaneous amplitude of one signal
being representative of the instantaneous amplitude of the
vocal energy of the input signal thereto and the instantane-
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ous amplitude of the other signal being proportional to
the instantaneous variation of the frequency of the input
signal thereto from a mean value, which, in each case, can
be the centroid of the bandpass filter associated therewith.
It has been discovered that the low frequency signals from
detector stages 22v, 22w, 22x, 22y, and 22z supply in-
formation sufficient to control the synthesis of artificial
speech.

The output signals of detector stages 22v, 22w, 22x, 22y
and 22z and the output signals of filters 14a, 145 . . .
141 are combined and transmitted by conventional wire
facilities or electromagnetic systems to the synthesizer.
For example, the output signals can be time multiplexed
together and transmitted in digital form. Alternatively, the
output signals can be systematically arranged adjacent
each other on a RF carrier by conventional heterodyning
techniques.

At the synthesizer, the combined signal transmitted
from the analyzer is separated into the corresponding
components developed at the analyzer. The output of low
pass filter 26 is supplied through a low pass filter 32 to a
voltage controlled oscillator 34, which reconstructs a
substantial replica of the frequency spectrum of the por-
tion of the input speech wave defined by filter 16v. The
output of oscillator 34 is then amplitude modulated in
modulator 36 by the output of low pass filter 24, which
has been processed through a low pass filter 38. System
components 32, 34, 36 and 38 comprise a sub-band syn-
thesizer stage 40v. The output of stage 40v is a signal
representative of the frequency-vocal energy distribution
of the portion of the input speech wave defined by filter
16v.

The output signals of detector stages 22w, 22x, 22y
and 22z are supplied to sub-band synthesis stages 40w,
40x, 40y and 40z, respectively, which can be similar to
stage 40v. Each stage 40w, 40x, 40y and 40z produces a
signal representative of the frequency-vocal energy dis-
tribution of the portion of the input speech wave defined
by filters 16w, 16x, 16y and 16z, respectively.

The output signals of stages 40v, 40w, 40x, 40y and
40z are processed through bandpass filters 42v, 42w, 42x,
42y and 42z, which are identical to those of the analyzer
and which remove undesirable harmonic components in-
troduced during the processing of the speech wave, and
then combined additively to form a combined output sig-
nal occupying the frequency band between 100 and 1100
c.p.s. This signal is a substantial replica of the “base band”
portion of the input speech wave supplied to the analyzer.

The combined signal is supplied through a delay net-
work 44 to an adder network 46, Delay network 44 com-
pensates for delays produced during the synthesis of the
high frequency portion of the artificial speech wave. The
combined signal is also supplied to a frequency spectrum
spreader or harmonic generator 48 which, by means of
nonlinear distortion of the input signal thereto, produces
a wide-band excitation signal containing harmonics of
the fundamental frequencies present in the “base band”
of the input speech wave over a range of frequencies be-
tween 1100 c.p.s. and 3200 c.p.s. A suitable frequency
spectrum spreader for the system of the present invention
is described in U.S. Patent No. 3,030,450, issued to M. R.
Schroeder on Apr. 17, 1962, entitled “Band Compression
System.” Since the excitation signal generated by spectrum
spreader 48 is derived directly from the “base band” sig-
nal, it has inherently the correct periodicity; for an aperi-
odic input, its output is also aperiodic and, for a periodic
input its output is periodic with the same periodicity.

The wide-band excitation signal is supplied to band pass
filters 50a, 50b . . . 50n, which are identical to those
in the high frequency portion of the analyzer. The output
signals of band pass filters 50a, 50b . . . 50n are supplied
through limiters 52a, 52b . . . 52n, respectively, to mod-
ulators 54a, 54b . . . 54n, respectively, where they are
modulted by the output signals of low pass filters 14a,
1456 . . . 14n, respectively, which have been processed
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through low pass filters 564, 56b . . . 56n. The result-
ing modulated waves are then bandpass filtered by filters
58a, 580 . . . 58n, which are also identical to filters 10a,
100 . . . 10n, respectively, to eliminate undesirable har-
monics created in the modulation process and then linear-
ly summed and added to the delayed “base band” signal
in summer 46 to produce an output signal which, when
properly de-emphasized, has a frequency-vocal energy
characteristic which is a substantial replica of the input
speech wave.

As previously described, the system of the present in-
vention requires the transmission of only ten slowly vary-
ing control signals to produce a signal which is a substan-
tial replica of the “base band” portion of the input speech
wave, When 30 c.p.s. control signals are employed, a
total transmission bandwidth of 300 c.p.s. (1030 c.p.s.)
is required. Thus, the “voice-excited” vocoder system of
the present invention requires a “base band” transmission
bandwidth which is less than one-third that required by
prior art “voice-excited” vocoders.

While the invention has been described with reference
to a particular embodiment thereof, it will be apparent
that various modifications and other embodiments thereof
will occur to those skilled in the art within the scope of
the invention. For example, since spectrum spreader 48
generates an output signal which is dependent only on
the frequency components of the input signal thereto, the
output signals of the oscillators of stages 40v, 40w, 40x,
40y and 40z can be combined and supplied directly to
spectrum spreader 48. In this modified system, the “base
band” portion of the synthesized speech wave can be gen-
erated in the manner previously described. Accordingly,
we desire the scope of our invention to be limited only by
the appended claims.

We claim:

1. A “vocoder” system for transmitting an electrical
representation of a speech wave from a transmitter sta-
tion to a receiver station which comprises, at said trans-
mitter, first means for producing a first plurality of slowly
varying signals representative of the vocal energy dis-
tribution of the low frequency portion of said speech wave
and a second plurality of slowly varying signals representa-
tive of the frequency distribution of the low frequency
portion of said speech wave, second means for producing
a third plurality of signals representative of the vocal
energy distribution of the high frequency portion of said
speech wave, means for transmitting said signals to said
receiver station, and at said receiver, third means respon-
sive to said first and second plurality of signals for generat-
ing a signal representative of the low frequency portion
of said speech wave, fourth means responsive to both said
third plurality of signals and said signal representative of
the low frequency portion of said speech wave for generat-
ing a signal representative of said high frequency portion
of said speech wave, and fifth means for combining said
signals representative of said high and low frequency
portions of said speech wave.

2. The system of claim 1 in which said first means com-
prises a plurality of contignous bandpass filters for
dividing said low frequency portion of said speech wave
into a plurality of sub-bands, an amplitude detector and
a frequency detector coupled to the output of each of
said filters, and low pass filters coupled to said detectors.

3. The system of claim 2 in which said third means of
claim 1 comprises a plurality of stages, each of said
stages producing a signal representative of the frequency-
vocal energy distribution of a different one of said sub-
bands in response to one of said first plurality of signals
and a corresponding one of said second plurality of sig-
nals, and means coupled to each of said stages for produc-
ing a combined output signal therefrom having the de-
sired frequency range.

4. The system of claim 3 in which said last mentioned
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6
means of claim 3 includes a plurality of contiguous band-
pass filters identical to said plurality of filters of said
first means. .

5. The system of claim 4 in which said fourth means of
claim 1 comprises means responsive to said combined out-
put signal of said stages for spreading the frequency
spectrum of said signal to produce a wide-band excitation
signal whose frequency spectrum encompasses the fre-
quency spectrum of the high frequency portion of said
speech wave, means controlled by said third plurality of
signals and said wide-band excitation signal for generat-
ing a fourth plurality of signals representative of the fre-
quency-vocal energy distribution of contiguous portions
of the high frequency portion of said speech wave, and
means for combining said fourth plurality of signals to
produce said signal representative of said high frequency
portion of said speech wave.

6. The system of claim 5 in which said fifth means of
claim 1 includes time delay means.

7. The system of claim 1 in which said first means com-
prises a first plurality of contiguous bandpass filters for
dividing said low frequency portion of said speech wave
into a plurality of sub-bands, first plurality of series cir-
cuits each comprising an ampltitude detector and a low
pass filter, a different one of said first plurality of series
circuits being connected to each filter of said plurality
of filters, a second plurality of series circuits each com-
prising a frequency detector and a low pass filter, a dif-
ferent one of said second plurality of series circuits being
connected to each filter of said plurality of filters; said
second means comprises a second plurality of contiguous
bandpass filters for dividing said high frequency portion
of said speech wave into a plurality of sub-bands, a third
plurality of series circuits each comprising an amplitude
detector and a low pass filter, a different one of said third
plurality of series circuits being connected to each filter
of said second plurality of filters; said third means com-
prises a plurality of stages, each of said stages including a
voltage controlled oscillator coupled to a modulator,
each of said oscillators being coupled to said transmission
means so that it receives the output signal of one of said
second plurality of series circuits and each of said modula-
tors being coupled to said transmission means so that it
receives the output signal of a corresponding one of said
first plurality of series circnits, a third plurality of con-
tiguous bandpass filters identical to said first plurality
of filters of said first means, each filter of said third
plurality of filters being coupled to a different one of
said modulators; said fourth means comprises a harmonic
generator coupled to each of said modulators, a fourth
plurality of bandpass filters identical to said second plu-
rality of filters of said second means coupled to said
harmonic generator, a second plurality of modulators
coupled to said fourth plurality of filters, each of said
second plurality of modulators being coupled to said
transmission means so that it receives the output signal of
one of said third plurality of series circuits; and said fifth
means includes time delay means.
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