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the speech production mechanism as a whole. Figure 1.3 shows the four main 
components—the airstream process, the phonation process, the oro-nasal pro-
cess, and the articulatory process. The airstream process includes all the ways of 
pushing air out (and, as we will see later, of sucking it in) that provide the power 
for speech. For the moment, we have considered just the respiratory system, the 
lungs pushing out air, as the prime mover in this process. The phonation process 
is the name given to the actions of the vocal folds. Only two possibilities have 
been mentioned: voiced sounds in which the vocal folds are vibrating and voice-
less sounds in which they are apart. The possibility of the airstream going out 
through the mouth, as in [ v ] or [ z ], or the nose, as in [ m ] and [ n ], is determined 
by the oro-nasal process. The movements of the tongue and lips interacting with 
the roof of the mouth and the pharynx are part of the articulatory process.

Figure 1.2 The vocal tract.
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Fundamental frequency

So, for example, the second peak in the spectrum occurs at 300 Hz, the third at
450 Hz, and the tenth at 1,500 Hz. The components of the voicing spectrum are
called harmonics. Note that the amplitude of each harmonic above the second
is a little less than the one just below it in frequency. (The relative amplitudes of
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Figure 2.1 Five cycles from the voice source of a speech synthesizer (Klatt and Klatt,
1990). This waveform serves as the input to an acoustic simulation of the vocal tract to
produce synthetic vowel sounds. The fundamental frequency is 150 Hz; each cycle takes 
6.6 ms.
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Figure 2.2 A power spectrum of the vocal cord vibration shown in figure 2.1. The first
harmonic (which has the same frequency as the fundamental frequency of voicing) occurs 
at 150 Hz; therefore the tenth harmonic occurs at 1,500 Hz.
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Synthetic glottal wave

Period: Time lapse between repeating 
cycles 

Fundamental frequency (F0): 1 / 
period, measured in hertz (Hz) F0 = 150 Hz



Vocal fold vibration

Physical: Fundamental frequency (F0)
Þ rate of vibration of the vocal folds

Perceptual: Pitch
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F0 gaps

F0 is not defined for consonants without vocal fold vibration.



legumes are a good source of VITAMINS
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Microprosodic perturbations

... and F0 can be perturbed by consonants with
an extreme constriction in the vocal tract.
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Abstraction of the F0: pitch contour

Our perception of F0 contour abstracts away from these local 
perturbations.
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The ‘waves’ and the ‘swells’ 
‘wave’ = accent

‘swell’ = phrase



Modal phonation: Acoustics
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is a little less than the one just below it in frequency. (The relative amplitudes of

26 Fundamentals

6.6 ms

A
m

pl
itu

de

35
Time (ms)

302520151050

Figure 2.1 Five cycles from the voice source of a speech synthesizer (Klatt and Klatt,
1990). This waveform serves as the input to an acoustic simulation of the vocal tract to
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Figure 2.2 A power spectrum of the vocal cord vibration shown in figure 2.1. The first
harmonic (which has the same frequency as the fundamental frequency of voicing) occurs 
at 150 Hz; therefore the tenth harmonic occurs at 1,500 Hz.
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Complex (non sinusoidal) waves can 
be decomposed into multiple simple 
components  

- Falling envelope
- No peaks (formants)
- Negative slope (-12 dB / octave)

Synthetic glottal wave FFT spectrum of synthetic glottal wave
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Source + vocal tract filtering

control on a radio, rather than the volume control; a small change can produce
a large effect.

Stevens argues that nonlinear relationships between articulation and acoustics
such as this are exploited by languages. The horizontal segments in the trace in
figure 2.4 labeled “voiceless,” “voiced,” and “glottal stop” are regions of stability in
the articulation-to-acoustics mapping. For example, speakers can choose any one
of several possible glottal widths and still produce voicing. A certain amount of
articulatory slop can be tolerated, because a whole range of different glottal widths
produce practically the same output. In this way, the natural nonlinearity in the
mapping from articulation to acoustic output leads to natural classes of speech
sounds. A full inventory of nonlinearities in the articulation-to-acoustics mapping
would express, in Stevens’ view, the inventory of distinctive phonetic features that
can be used to distinguish meaning in language. In the case of vocal cord activity,
the regions of stability (the quantal regions) are easy to identify. We will see some
other cases in which the argument is a little more subtle than this.

2.3 Vocal Tract Filtering

The vocal tract can function as a filter to change the voicing waveform shown in
figure 2.1 into a complex periodic waveform like the one shown in figure 2.5. 
I made this figure by playing the synthetic voicing component shown in figure 2.1
through a set of band-pass filters. The resulting synthetic vowel sounds like
schwa [a], the vowel in the first syllable of ahead in American English. The 
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Figure 2.5 Acoustic waveform of a synthetic schwa. The period durations of three
prominent components are identified.
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fundamental frequency still has a period of 6.6 ms, so the waveform pattern repeats
itself 150 times per second, but in this waveform it is possible to identify some
other prominent oscillatory components. For instance, within each period there
is a component that repeats once every 2 ms, and thus has a frequency of 500 Hz.
Note also that there is an even faster-moving oscillation that is easiest to see as a
double-peaked pattern in the waveform overlaid on some of the 2 ms peaks. This
oscillation repeats once every 0.666 ms (the distance between the double peaks),
and thus has a frequency of 1,500 Hz.

The spectrum of the voicing source (shown in figure 2.2) and the spectrum of
schwa shown in figure 2.6 have the same fundamental frequencies (as indicated
by the harmonics at 150 Hz, 300 Hz, 450 Hz, etc.). So both sounds are composed
of the same harmonics, but the relative amplitudes of the harmonics are different.
In the spectrum of the voice source, the harmonics decrease steadily in amplitude
as their frequency increases; while in the spectrum of schwa the harmonics
around 500 Hz, 1,500 Hz, 2,500 Hz, and 3,500 Hz have higher amplitudes than
harmonics at other frequencies. As we saw in the waveform in figure 2.5, these
seemingly minor changes in the relative amplitudes of the harmonics have a major
impact on the shape of the waveform.

The broad spectral peaks, for which we have evidence in both the waveform
and the spectrum, were in this case (i.e. this synthetic schwa) produced by play-
ing the voice source waveform through a set of band-pass filters with center fre-
quencies at 500 Hz, 1,500 Hz, 2,500 Hz, and 3,500 Hz. The fact that such a method

The Acoustic Theory of Speech Production 31

10th harmonic = 1,500 Hz
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Figure 2.6 The power spectrum of the vowel sound shown in figure 2.5. Note that the
harmonics have the same frequencies that they had in the voicing spectrum (figure 2.2) – for
example, the tenth harmonic has a frequency of 1,500 Hz. However, the relative amplitudes
of the harmonics are not the same; in the spectrum of schwa there are broad spectral peaks
near 500 Hz, 1,500 Hz, 2,500 Hz, and 3,500 Hz.
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Formants now present in spectrumPeriodic complex waveform with more 
complex shape 



Source-filter theory of speech production

F1 F2 F3

F1
F2 F3

Formants: Spectral prominences (not individual harmonics!)





Source and filter are independent
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