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Abstract
This study compares manual measurements of the first two sub-
glottal resonances to the results of an automated measurement
procedure for the same quantities. We also briefly sketch the
sensor prototype that is used for the measurements. The sub-
glottal resonances are presented in the space spanned by the
vowels’ first two formants. A three axis acceleration sensor is
gently pressed at the neck of the speaker. In front of the lig-
amentum conicum, located near the lower end of the larynx,
pressure signals may be recorded that follow the subglottal pres-
sure changes at least up to 2 kHz bandwidth. The recordings of
the subglottal pressure signals are made simultaneously with
recordings of the electroglottogram and the acoustic speech
sound with 12 male and 12 female speakers.
Index Terms: subglottal resonances, acceleration sensor, vowel
formants

1. Introduction
In order to study fine details of speech production, subglottal
resonances are of interest because they may interact with voiced
sound production, diphthongs in particular [1], [2], [3]. Valu-
able sound energy that goes into the subglottal oscillation is lost
for the vowel production. And it seems reasonable that the vow-
els of a sound system tend to avoid them [4]. This study takes
a small step into that direction and presents a measurement en-
vironment to record subglottal pressure signals and compares
the results of manual and automated subglottal resonance fre-
quency estimates to each other and to vowel formant estimates
of the same recording sessions.

Alternative methods of non-invasive measurements of sub-
glottal pressure variations use a microphone as transducer and
a different place, the fossa jugularis (suprasternal notch). Good
agreement of the transducer signal with direct subglottal pres-
sure signal is reported for both, the microphone and the fossa
jugularis [5]. We decided for this study not to measure at the
fossa jugularis to avoid a possible resonance influence from the
chest that is known by audio engineers to be in the 1 kHz re-
gion. But the fossa jugularis is a place that is less covered by
the cables of the electroglottogram electrodes and is likely to
be investigated in the future. A contact microphone produces a
single channel signal and cannot show the spatial movement of
the tissue. This spatial aspect will be evaluated in more detail
in further studies.

2. Sensor
The sensor used here is a significantly improved version of the
sensor used in [6]. Now two sensor chips with a bandwidth
of 3.5 kHz in every axis are used. They are mounted on thin
printed circuit boards soldered together forming a cube. A
standard miniature flat cable is held by an appropriate socket.

Figure 1 shows the sensor in a test environment. The balloon
presses the cube with its plastic nose to a thick layer of com-
pressible elastic tape that is driven by a tall cardboard conus
from below.

balloon

cable

sensor

‘nose’

elastic tape

conus

Figure 1: Acceleration sensor in test environment: pressed on
compressible elastic tape

The sensor is a cube of 1 cm edge length containing two
ADXL202E two axis microelectromechanical acceleration sen-
sors that are located perpendicular to record the acceleration
along all three local room axes. The axis recording the main
movement perpendicularly to the skin of the neck is converted
by both sensor devices and added during the digital measure-
ment processing to improve the signal to noise ratio.

At the side of the cube that is gently pressed at the neck a
5 mm nose made out of hot glue is added to improve the contact
to the ligamentum conicum and not to lose that contact while the
larynx moves up and down during speaking. The opposite side
of the cube is glued to a balloon inflated to a diameter of about
6 cm. The balloon is a good solution to provide a steady gen-
tle force of about 0.3 N towards the neck and simultaneously
allows the sensor to follow the movements of the ligamentum
conicum and the larynx movements. The mass of the nose, the
sensor cube and the first centimeters of the flat cable is about

Copyright © 2009 ISCA 6-10 September, Brighton UK1671

10
.2

14
37

/I
nt

er
sp

ee
ch

.2
00

9-
50

6



1.5 grams. Clearly this structure of the elastic mounted sensor
mass shows resonance by itself. It depends on the balloon and
its extent of inflation but is measured to be located in the range
between 100 Hz and 200 Hz. This is well below the range of
the first subglottal resonance of [500 Hz-700 Hz] and is sup-
pressed together with the fundamental frequency component of
the voiced sound by a digital high pass filter after the recording.

Each of the four axis signals is processed by a two stage
analog active filter and a buffer amplifier to achieve the maxi-
mum bandwidth of 3.5 kHz specified by the data sheet. As in
[6] a 4th order Butterworth characteristic is implemented by two
active Sallen-Key lowpass filter circuits. An additional 10 dB
amplifier and a line buffer prepare each channel for cable trans-
mission and for the level required by the RME soundcard.

3. Recording
The recordings were made in a room that is reasonably anechoic
above 200 Hz and has a reverberation time of about 27 mil-
liseconds. Eight simultaneous recording channels are available.
Four are assigned to the acceleration sensor, three to signals
from the electroglottogram and one for the condensor micro-
phone AKG K62ULS.

All channels are digitized with a sampling rate of 48 kHz.
The RME soundcard offers only AC coupling, hence no static
acceleration signals like the gravitation vector are available as a
direction reference in the evaluation.

The electroglottogram is taken from channel A of an EG-
2 standard electroglottograph from Glottal Enterprises. To get
better access to the ligamentum conicum located at the lower
part of the larynx, the electrodes are used upside down so that
the cables no longer cover the lower part of the larynx. As a side
effect the LEDs indicating the correct electrode placement must
be read reverse, i.e. the reading ’the electrodes are too low’ now
means ’move the electrodes downwards’.

The ligamentum conicum can be found by touching the lar-
ynx and searching for a small soft gap in the elswhere hard lar-
ynx structure. If the larynx is small, the ligamentum conicum
may be already covered by the necklace of the electroglotto-
graph electrodes. In this case the necklace and the electroglot-
tograph electrodes are removed and the electroglottogram is not
recorded.

The plastic nose of the sensor is pressed gently to the neck
where the gap was found. The balloon may be held laterally by
two or three fingers. Many of the participants could not keep
the balloon with the sensor at the correct position during the
whole recording session. Hence, early the recording procedure
was changed and an assistant held the balloon in place during
the whole recording session [7].

4. Speech Material
Isolated spoken sustained vowels [��,��,��] of 3 or more seconds
duration are used here. The speakers are asked to produce a
modal voice of normal or slightly lowered height, since some
speakers had a tendency to produce a higher than normal but
constant fundamental frequency. The sounds are spoken three
times by 12 male and 12 female speakers. The majority of 18
speakers are native speakers of German, 6 are native speakers
of Bulgarian, Chinese, English, Georgian, Indonesian, and Rus-
sian and speak German as their second language.

5. Measurements
The aim of the frequency measurements are the frequencies of
the first two formants i.e. the resonances of the vocal tract, and
the first two subglottal resonances. The electroglottogram is
recorded to have a physiological reference signal of the glottal
cycle. It helps to locate the time intervals of the glottal opening
and closing phase and to measure the fundamental frequency.

5.1. Vowel formants

A standard linear prediction based procedure is used to esti-
mate the first two formants of the microphone signal. The
formant tracks of wavesurfer are used in the manual measure-
ments and the formant program from ESPS is used in the au-
tomatic case. The manual measurements are taken in a stable
region of the vowel and are shown in Figure 2 by placing a
character indicating the vowel quality in the F1-F2 plane. The
automated vowel formant measurements are averages over the
whole vowel. They are displayed in the same way in Figure 3.

5.2. Subglottal Resonances

The sampling rate of the recorded signals is reduced to 8 kHz
since all frequency measurement results are located below
4 kHz. A bandpass filter with a pass band between 250 Hz
and 2 kHz is applied to the subglottal signal to remove all sig-
nal components above and below the expected range of the first
and second subglottal resonance. The removed signal compo-
nents contain the strong fundamental frequency component due
to voicing and high frequency noise components.

5.3. Manual measurements

The manual measurements of the first two subglottal resonances
are made with wavesurfer, using the spectrogram, the short term
fourier transform, and linear prediction. A spectrally and ener-
getically stable region of some 10 fundamental cycles is iden-
tified by inspecting the spectrogram and labelled. To get fre-
quencies of resonances and not harmonics very short windows
are adjusted that are not longer than the fundamental period.
The measurements of the three sound recordings are averaged
and shown in columns MF1 and MF2 of Table 1 for all speak-
ers. The subglottal resonances of male speakers are lower than
the subglottal resonances of female speakers (cf. the histograms
in Figure 2).

The dotted lines in Figure 2 represent the average subglot-
tal resonances. The first subglottal formant may be found near
550 Hz on the F1 axis. Its horizontal line separates most of the
high vowels [��] and [��] from the low vowel [��]. The sec-
ond subglottal formant is shown near 1450 Hz on the F2 axis.
It clearly separates the front vowel [��] from the back vowel
[��]. It may be observed that the majority of our [��] vowels has
a second vowel formant below the second subglottal formant.
Hence the second subglottal formant seems to be avoided when
[��] is produced. But this is only the comparison of the vowel
realisations to the average second subglottal formant. The indi-
vidual comparison shows that only in a single measurement of
one female speaker F2 was above subglottal F2 [7].

To show the individual distribution of the subglottal for-
mants along the vowel formant axes, the histograms are in-
cluded in Figure 2. The bimodal distributions show the male
subglottal resonances at lower frequencies than those of the fe-
male speakers (cf. Table 1).
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Figure 2: Manual measurements: The [��, ��, ��] sounds in the
F1/F2 vowel formant plane. Dotted lines show the averaged
subglottal formants: horizontal subF1, vertical subF2. The his-
tograms show their spread.

5.4. Automated measurements

The automated measurements of the first two subglottal reso-
nances are made with a linear prediction program implemented
in C to have full control over the parameters, the processing
and storing the results. A standard preemphasis difference filter
with a zero at unity is applied to the bandfiltered sensor sig-
nal. The order of the linear prediction is 10. The duration of
the rectangular window is 20 ms which is significantly longer
than the window in the manual measurement. Many different
window durations were tried. The 20 ms window was selected
in favour of a lower estimate variance and against suppression
of the harmonic structure. A fine grained offset of 1 ms be-
tween successing frames is used to get large statistical samples
for tracking and averaging.

Unfortunately, fully automatic clustering and tracking did
not succeed as we hoped. Too often they missed the manual
frequency estimates. To solve this problem, the manual mea-
surements were used to initiate the subglottal formant tracks.
Now track averages are calculated for each whole manually seg-
mented vowel and shown in columns AF1 and AF2 of Table 1.

Figure 3 shows the subglottal formants in the background
image of the vowel formant distribution for the automatic mea-
surements. The averages are represented by dotted lines. As
with the manual measurements the first subglottal formant sep-
arates high from low vowels and the second subglottal formant
separates the front [��] from non front [��] and [��]. Due to the
different linear prediction software and possibly increased mea-
surement uncertainty of the automatic procedure, no bimodal
distributions are seen in the histograms of the subglottal for-
mants.

The vowel points in Figure 3 are not as homogenous as in
Figure 2. This might be a gender effect but we more likely
assign it to the long analysis window allowing the harmonics to
attract the linear prediction results.

6. Results
The comparison between automated and manual subglottal for-
mant measurements represented as averages in Table 1 are vi-

i

a

u

a

u
i

u

a

i
i

a

u

a

ui u

a

ii

a

u

a

uiu

a

i
i

a

u

a

ui u

a

i
i

a

ua ui
uaii

a

u

a

u

i

u

a

i

i

a

u

a

ui u

a

i
i

a

u

a

ui u

a

i
i

a

u

a

ui
u

a

i i

a

u

a

ui u

a

ii

a

u

a

ui u

a

i

a

u

a

u

u

a

i
i

a

u

a

ui u

a

i
i

a

u

a

ui
u

a

ii

a

u

a

ui u

a

i
i

a

u

a

u
i

u

a

i
i

a

ua

u

i
u

a

i
i

a

u

a

ui
u

a

i
i

a

u

a

ui u

a

i

i
a

u
a

ui u
a

ii

a

u

a

ui u

a

i i

a

u

a

ui
u

a

i i

a

u

a

ui
u

a

i
i

a

u

a

u
i

u

a

i

2500 2000 1500 1000 500

12
00

10
00

80
0

60
0

40
0

20
0

F2

F1

400 500 600 700 800

subgl.F1

1200 1400 1600

subgl.F2

Figure 3: Automated measurements: The [��, ��, ��] sounds in
the F1/F2 vowel formant plane. Dotted lines show the averaged
subglottal formants: horizontal subF1, vertical subF2. The his-
tograms show their spread.

sualised as histograms for the first subglottal formant in Fig-
ure 4 and for the second subglottal formant in Figure 5. Male
and female speakers are shown in separate columns of plots.
The upper row shows the manual measurements and the bottom
row shows the automated measurements. Several unexpected
observations show major shortcomings of the automated mea-
surement procedure, e.g. that the first subglottal resonances are
lower for female than for male speakers. The ’missing’ his-
togram bins at 550 Hz for the manual measurements of both
genders may stem from a frequency reading problem with short
fft windows of the wavesurfer software. With short analysis
windows we are not able to get more fine grained frequency
readings. On the other hand the automated measurements show
a bimodal structure separated by a fundamental frequency that
is likely to be caused by the harmonic structure lurking through
the long analysis window.

The comparison of the second subglottal formant measure-
ments in Figure 5 shows basically the same effects merely
scaled up to a higher frequency. The main problem that the
male subglottal formant measuremants are larger than the fe-
male stays unaccounted.

Both the manual and the automated measuements demon-
strate that the first subglottal formant separates high from low
vowels and that the second subglottal formant separates front
from back vowels. Figures 2 and 3 show this with individual
vowel formants and averaged subglottal formants. This average
second subglottal formant intersects the [��] cloud. However,
the measurement protocol reveals that all but two [��] sounds
have a second formant below the second subglottal formant of
the individual speaker.

7. Conclusions
The bandwith improved acceleration sensor seems suitable as
a transducer for non-invasive measurements of subglottal pres-
sure waveforms in the frequency range of the first and second
subglottal resonances. However, it must be stressed that the ac-
tual mass of the sensor structure together with the elasticity of
the balloon suspension needs major improvements or changes

1673



SPK MF1 AF1 MF2 AF2
M01 532 496 1396 1447
M02 515 498 1358 1387
M03 539 520 1332 1374
M04 535 569 1352 1360
M05 512 457 1349 1374
M06 510 510 1420 1420
M07 524 453 1403 1405
M08 514 499 1349 1343
M09 527 544 1367 1421
M10 501 578 1369 1296
M11 513 483 1372 1397
M12 510 503 1349 1354
F01 566 509 1540 1499
F02 598 556 1580 1514
F03 564 519 1570 1572
F04 550 456 1576 1525
F05 558 522 1536 1496
F06 535 559 1544 1519
F07 541 507 1466 1446
F08 599 596 1568 1535
F09 575 594 1588 1568
F10 589 566 1584 1549
F11 574 468 1576 1543
F12 572 486 1520 1527

Table 1: Subglottal resonance frequencies F1 and F2; Manual
MF1, MF2 vs. automated AF1, AF2

400 500 600 700

Male / manual / subgl.F1

400 500 600 700

Female / manual / subgl.F1

400 500 600 700

Male / automatic / subgl.F1

400 500 600 700

Female / automatic / subgl.F1

Figure 4: Manual (top) and automated (bottom) first subglottal
formant histograms: male (left) vs. female (right)

to represent the frequency range of the fundamental frequency
component of the voiced glottal cycle. The standard way out is
to reduce the resonance frequency by using a softer membrane.
Finally, the static component of the subglottal pressure cannot
be measured by that method.

The manual subglottal formant measurements on the fil-
tered output signals of the acceleration sensor conform with the
known frequency ranges. Still the analysis software should be
improved not to be attracted too much by the harmonic structure
of the voiced sounds.

The automated measurement procedure to measure sub-
glottal resonance parameters offers the widest fields of im-
provement. The dependency on initial conditions from manual
measurements is perhaps the most prominent drawback. The
stronger attraction of the frequency estimates by the harmonic

1200 1300 1400 1500 1600 1700

Male / manual / subgl.F2

1200 1300 1400 1500 1600 1700

Female / manual / subgl.F2

1200 1300 1400 1500 1600 1700

Male / automatic / subgl.F2

1200 1300 1400 1500 1600 1700

Female / automatic / subgl.F2

Figure 5: Manual (top) and automated (bottom) second subglot-
tal formant histograms: male (left) vs. female (right)

signal structure was indignantly accepted for trading reduced
measurement noise.

All our measurements indicate that for each individual
speaker the first subglottal formant separates high from low
vowels and that the second subglottal formant separates front
from back vowels. Nearly all our [��] sounds have a first for-
mant above the first subglottal formant and a second formant
below the second subglottal formant of the speaker.
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