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In the source-filter model of speech production it is assumed that the acoustic source mechanism is 

independent of the vocal tract acoustics. In fact, the changing acoustic boundary condition at the glottal 

end of the vocal tract may be expected to affect the formant frequency and the formant bandwidth, with a 

corresponding effect on voice quality. 

In this study, a geometrically simplified physical model of the vocal tract, larynx and sub-glottal tract is 

used in the presence of an external applied sound field to quantify the changes to the acoustic response of 

the vocal tract with changing glottal width. The applied sound field is tonal, generated by a loudspeaker, 

at frequencies ranging from 300 Hz to 2 kHz. The acoustic response of the vocal tract is measured with a 

pair of pressure transducers, spaced 8 cm apart, and mounted flush with the vocal tract wall. The acoustic 

transfer function from glottis to lips of the vocal tract is calculated from the  measurements using the 

method described by Holland and Davies (JSV, 230(4), 915-932, 2000) and shows an increase in the first 

formant frequency of the order of 13% at F1 when the glottis is open to a width of 3 mm compared to the 

closed-glottis case.  

The experimental measurements will be compared to a theoretical model that takes the change in glottal 

impedance with changing glottal  width into account.  

1 Introduction 

This paper describes an investigation of the effect of 

the glottal open phase on the vocal tract formant 

frequencies. The study is carried out using a 

mechanical model of the larynx and vocal tract in order 

to allow independent variation of glottal and vocal tract 

parameters which might not be possible in real human 

speech. The model is used in two modes: i) with the 

glottis static, no flow and an imposed external sound 

field and ii) with a forced glottal oscillation and an 

applied, low-speed mean flow. 

In the classical source-filter theory of speech 

production [1] it is assumed that the glottal acoustic 

source mechanism and the vocal tract filter do not 

interact. This model has formed the basis of many 

speech synthesis systems. The output speech from such 

systems is intelligible, but is frequently found to sound 

unnatural [2] 

Childers and Wong [3] define several possible types of 

source-tract interaction: loading of the source by the 

vocal tract impedance, dissipation of vocal tract 

acoustic energy, especially at F1, due to glottal 

opening, and in cases of low glottal damping, carry-

over of vocal tract energy from one glottal period to the 

next. Historically, much research into source-tract 

interaction has tended to concentrate on the first of 

these effects [4, 5], while [6] considered the third. It is 

the second of these interaction types that we will 

consider here. 

Childers and Wong [3] noted the tendency of increased 

glottal damping during the open phase of the glottal 

cycle to truncate the F1 waveform, to shift the formant 

frequencies and to cause an increase in the formant 

bandwidths. Flanagan [7] showed using transmission 

line models that for a fixed vocal tract geometry the 

presence of a finite glottal impedance could be 

expected to increase glottal damping and to raise the 

formant frequencies in comparison to those found for 

the case of infinite glottal impedance. For his steady 

state models he predicted an increase in the frequency 

of F1 of about 1.4% and about 1% for F2 for a glottal 

area of 5 mm2. 

Ananthapadmanabha and Fant [8] also considered the 

effect of the glottal damping, but were concerned 

principally with a way to incorporate its effects into a 

glottal waveform model. They found the effect of 

glottal inertance to be small. Badin and Fant [9] 

investigated the effect of the glottal impedance on the 

formant frequencies of the vocal tract. For a glottal 

area of 0.027 mm2 they found that with a short-

circuited sub-glottal system and a uniform vocal tract, 

and with the glottis modelled by an inductance only, 

there was an upward shift in F1 of approximately 10%. 

A glottal resistance alone had no effect on F1 while a 

resistance and inductance together reduced the upward 

shift to around 0.2%. They concluded that the effect 

was insignificant during most instances of vowel 
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production. However, despite the hypothesis that in 

speech the formant shifts may generally be small, they 

are likely to be an acoustic correlate of changes in 

glottal open quotient or glottal vibration amplitude and 

hence may be of interest in voice quality considerations 

and in enhancing naturalness in synthesised speech. 

Furthermore, the glottal areas considered by Badin and 

Fant [9] and by Flanagan [7] correspond to glottal 

widths rather smaller than the peak widths generally 

reported in the literature for vowel production. 

In the following sections we consider the theoretical 

formant shift in the case of a static glottal configuration 

and compare it to measurements in an imposed sound 

field in our mechanical model. We then consider the 

case of formant shifts for an oscillating glottis in terms 

of their dependence on glottal open quotient and glottal 

vibration amplitude. 

2 The Mechanical Model 

 

 

 

 

 

 

 

 

 

 

 

 

 

The mechanical model used in this study is shown in 

cross-section in Figure 1 and consists of a square duct 

with sides of length 17 mm, intersected at 115 mm 

from the inlet by a pair of shutters that represent the 

vocal folds. Mechanical shakers can drive the shutters 

in the direction perpendicular to the duct axis and 

complete glottal closure can be achieved. In the 

direction of the duct axis the shutters have a thickness 

of 3 mm. The glottis is rectangular with a height of 17 

mm and variable width with a maximum value of 6 

mm. On the inlet side, a gentle constriction over a 

distance of about 7 mm channels the air flow through 

the glottis, while on the outlet side there is a more 

abrupt expansion into the wider duct. 

A flow of air into the model can be provided by a 

compressor and controlled by a rotameter. Upstream of 

the duct, a compliant model of the lungs with a volume 

of 8 litres, lined with foam, settles the air. Just 

downstream of the duct inlet, a flow straightener helps 

to remove any remaining turbulent fluctuations from 

the air stream. Pressure transducers (Entran EPE-541-

2P) mounted flush with the duct walls permit 

measurement of static or time-varying pressure at the 

three locations marked (pt) in Figure 1. The output of 

these transducers is amplified and digitised at a 

sampling frequency of 8928 Hz. 

3 Theoretical Modelling of the 

Formant Shift 

A lumped element transmission line [7] may be used to 

investigate the expected formant frequencies for 

different values of the glottal width. This corresponds 

to a static glottal model. In Figure 2 is the output from 

such a model for a rigid-walled duct with a cross-

sectional area of 289 mm
2
 and a length of 175 mm; the 

same dimensions as for the vocal tract of our 

mechanical model. The radiation impedance is 

modelled as that for an unbaffled duct and the sub-

glottal system is short circuited. The vocal tract is 

modelled by four T-sections with the elements defined 

as proposed by Flanagan [7]. 
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is used [10] where µ is the coefficient viscosity of air, 

ρ is the density of air, ω is the angular frequency lg is 

the length of the glottis parallel to the axis of the vocal 
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Figure 1: Cross-section through the vocal tract 

model showing the location of the shutters and the 

pressure transducers (pt). All dimensions are in 

millimetres. Figure not to scale. 
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Figure 2: Theoretical model of transfer 

function from glottis to lips for a  duct, open 

at the lips, of length 17.5 cm with various 

glottal widths. 
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tract, hg is the height of the glottis perpendicular to the 

vocal tract axis and wg is the variable glottal width. 

The exact values of the formants in the cases with 

finite glottal width will depend on the expressions 

chosen for the glottal and sub-glottal impedance, thus 

while Figure 2 may be representative of the behaviour 

for a static glottis as the glottal width is increased, it 

should not be considered as a predictive model for the 

formant frequencies that may be observed in the 

mechanical model. Nevertheless, one can observe the 

increase in F1, and the rather smaller increase in F2, as 

the glottis is widened. The curves have been shifted for 

ease of comparison so that the first minimum of each is 

at the same level and thus no conclusions should be 

drawn about the relative levels of the formants from 

this figure. 

The value of glottal resistance used here is the same as 

that used by Flanagan [7] while the glottal inductance 

term has an additional factor of 6/5 as given by 

Beranek [10]. In experimental studies Laine and 

Karjalainen [11] and Rösler and Strube [12] have 

measured the impedance for a static model glottis.  

Laine and Karjalainen [11] found a fairly good match 

between measurement and theory  for the zero flow 

case over a frequency range of 0 to 1.5 kHz in a 

rectangular glottis using the same glottal resistance 

model as in Equation (1) but an inductance term that 

included an end correction and excluded the factor of 

6/5. They added a term to the theoretical glottal 

resistance to account for an absorbing boundary 

condition for the sub-glottal termination which was 

measured as part of the glottal impedance in their set-

up. Using an absorbing sub-glottal boundary condition 

has the effect of adding additional damping mainly at 

the first formant frequency and would result in a 

reduction both in the amplitude and in the upward 

frequency-shift of F1. These reductions would be 

greater for a wider glottis. 

Rösler and Strube [12] used a more realistically shaped 

rigid glottal model with an inlet contraction and an 

abrupt expansion at the outlet. They too included an 

end correction in their theoretical expression for the 

inductance to account for the effective length of the 

oscillating air mass in the glottis. They subtracted a 

value for the measured sub-glottal impedance from 

their measured impedance values and compared the 

theoretical and measured glottal impedance in isolation 

from the sub-glottal system. They were unable to 

obtain valid measurements for frequencies below 800 

Hz, but found that for frequencies above, the 

inductance was generally smaller than predicted by the 

theoretical expression. 

While both these experimental studies provide valuable 

information about the glottal impedance, the details of 

the resistance and inductance that were observed are 

likely to be very dependent on the precise geometry of 

the model used in each case and therefore not directly 

transferable to conditions in our model. We therefore 

adopted Equation (1) for this study as our theoretical 

models are expected only to be representative of the 

gross behaviour of the formants. 

4 Experimental Measurement of 

the Formant Shift for the Static 

Glottis 

4.1 Measurements 

The mechanical model was used to obtain a 

measurement of the vocal tract acoustic response for a 

static glottis with widths of 0, 1, 2, & 3 mm.  A 

loudspeaker at the vocal tract exit applied the external 

sound field. In order to get a sufficiently good coupling 

between the applied sound field and the duct, the 

speaker was placed close to the end of the duct such 

that the boundary condition there was that of a closed 

end and the effective length of the duct from that end 

to the downstream face of the vocal folds was 205 mm. 

While this raises the overall values of the resonances, it 

will not alter the direction of the frequency shift due to 

changes in glottal width. Furthermore, to avoid large 

variations in the in-duct sound level arising from zeros 

in the speaker-duct coupling, the analysis was carried 

out at a series of tonal frequencies and the amplitude of 

the speaker excitation was adjusted to give a strong 

signal at each microphone. Since we will only be 

interested in relative levels this strategy does not affect 

the validity of our findings. For frequencies up to 900 

Hz the frequency resolution was 50 Hz and above 900 

Hz a resolution of 100 Hz was used. 

4.2 Analysis 

The pressure transducers were located at positions pt1 

and pt2 of Figure 1 with a distance between them of l = 

80 mm. The microphones signals were used to make a 

decomposition of the standing wave field into its 

forward- and backward-travelling component waves. 

The predicted components become unreliable at 

frequencies where the microphone spacing is close to a 

half wavelength. This gives an upper frequency limit to 

this analysis of approximately 2 kHz. At frequencies 

below 300 Hz the speaker did not produce enough 

sound power in the duct to give a sufficient signal to 

noise ratio for the analysis to be carried out. A plane 

wave assumption is inherent in the analysis. 
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For each frequency the measurement protocol was as 

specified by Holland and Davies [13]. The pressure 

signals were measured twice, once with transducer #1 

at pt1 and transducer #2 at pt2 and again with the 

locations of the transducers and their entire signal paths 

swapped. From these pairs of measurements, two 

estimates of the pressure transfer function between the 

measurement  locations were obtained, 
A

H  and 
B

H . 

To obtain the complex pressure components for each 

frequency at location pt1, +

1
p in the positive x-direction 

and −

1
p  in the negative x-direction, the following 

expressions are used: 
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where R is the acoustic reflection coefficient and +
k  

and −
k  are the complex wave numbers in the positive 

and negative x-directions which take into account 

visco-thermal losses. From the complex pressure 

amplitudes at pt1 it is straightforward to calculate the 

estimated transfer function from the glottis to the lips. 

4.3 Results  

 

 

 

The transfer functions between volume velocity at the 

glottis and pressure at the speaker, derived as described 

above from the measurements on the mechanical 

model, are shown in Figure 3 as the data points (*). 

The measured values for F1, taken as the maximum of 

the data are 800, 850 900 and 900 Hz for glottal widths 

of 0, 1, 2 and 3 mm respectively. These should be 

taken as a guide only since the frequency resolution of 

the measurements is insufficient to determine the 

precise location of the formant peak. A significantly 

more damped peak in the region 1.3 to 1.5 kHz defines 

F2 but while there appears again to be an overall 

increase in centre frequency with increasing glottal 

width it is difficult to feel confident in associating 

specific peak frequency values with this formant. 

Also shown in Figure 3 (solid line) is a predicted 

transfer function between glottal volume velocity and 

closed-end pressure, derived for a 205 mm duct with 

the glottal impedance infinite (top plot) or given by 

Equation (1) (lower 3 plots) The vocal tract is 

modelled as a lumped element transmission line with 3 

T-sections and, as for Figure 2, the sub-glottal system 

has been modelled as a short circuit. 

For a glottal width of 0 mm the match between 

measurement and prediction is excellent up to a 

frequency of 1.2 kHz. For a widening glottis the 

prediction follows the data fairly well between 400 Hz 

and 1.2 kHz although for the 3mm glottal width case, 

the formant amplitude around 900 Hz is under 

predicted and the frequency of this peak is somewhat 

over predicted. At the peak around 1.4 kHz the theory 

appears to predict a smaller frequency increase with 

increasing glottal width than is measured and above 1.4 

kHz the measured amplitude is significantly above the 

theoretical level.  

At low frequencies for finite glottal width, there is a 

predicted peak in the region of 300 Hz that is not found 

in the measured data. Adoption of an absorbing model 

for the sub-glottal system damps this peak 

significantly. We can also improve the fit between the 

measured and predicted location of the peak around 

800 Hz in this way, but the amplitude of the prediction 

in this frequency region is then reduced significantly, 

giving a bigger discrepancy between the measured and 

predicted levels.   Additionally, while the match in 

amplitude between 900 Hz and 1.4 kHz is improved, 

the peak around 1.4 kHz is predicted at a lower 

frequency than for the short-circuited sub-glottal 

system giving an even worse match to the 

measurements. A small peak in the measured 

amplitude at 500 Hz for a glottal width of 3 mm is 

assumed to be due to experimental error as there is no 

evidence of a similar peak developing at other glottal 

widths.  

d
B

 

Figure 3: Measured (*) and theoretical (solid line) 

transfer function from glottis to lips for various glottal 

widths. Theoretical transfer function based on a duct of  

length 20.5 cm, closed at lips. 

frequency (Hz) 
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4.4 Discussion 

The measurements for the static glottis show an 

increase in the formant frequency with increasing 

glottal width. Although the frequency resolution is 

insufficient to assign precise values to the formant 

frequencies, the increase compared to the formant 

frequency for the closed glottis is of the order of  6% 

for a glottal width of 1 mm and close to 13% for a 

glottal width of 3 mm. This is much greater than 

predicted by Flanagan [7] or Badin and Fant [9] due in 

large part to the much greater glottal widths considered 

in this study.  

Conditions in a mechanical model are rather different 

to those in the human glottis and care must be taken in 

interpreting these results for speech production 

modelling. The choice of sub-glottal impedance had a 

strong influence on the exact value of the predicted 

formant frequencies and amplitudes but while a model 

with absorbing boundary conditions gives a better 

match than a short-circuited one to the frequency of the 

peak around 800 Hz, it is correspondingly worse at 

predicting the amplitude of the transfer function in this 

region. At higher frequencies the short-circuit model 

gives an improved amplitude match while both under-

predict the frequency of the upper formant peak. 

Further work on the choice of glottal and sub-glottal 

impedance appears to be needed for a satisfactory 

theoretical description.  

5 Experimental Measurement of 

the Formant Shift for the Time-

Varying Glottis 

5.1 Measurements  

The mechanical model was used dynamically to obtain 

a measurement of the formant shift arising when the 

glottal width varied with time. The acoustic excitation 

of the vocal tract was due to the driven oscillation of 

the vocal fold shutters with a steady airflow of 200 

cm3s-1 delivered from the compressor. Pressure 

transducers were located as for the static case. 

The shutter vibration was monitored by an electro-

mechanical system and the output from this was 

digitised at the same sampling frequency as the signals 

from the pressure transducers. We wished to control 

both the amplitude of the shutter vibration and the open 

quotient of the glottal cycle. Accordingly the shutters 

were driven with a square wave signal for which the 

mark-space ratio and the amplitude could be 

independently controlled. At fundamental frequencies 

approaching those of speech, compliance in the driver 

system and phase lag in the location monitoring system 

combine to make the instant of opening and closing 

somewhat difficult to define precisely from the electro-

mechanical monitor signal. The measurements reported 

here were therefore obtained at the rather lower 

fundamental frequency range of 10 to 40 Hz where the 

behaviour of the shutters could be reliably determined. 

For fundamental frequencies that do not approach F1 

for the vocal tract, we do not expect the influence of 

the glottal impedance on the frequency of F1 to be 

related to the value chosen for f0. 

Measurements were obtained for open quotients of 20, 

40, 60 and 80% and fundamental frequencies of 10, 20 

and 40 Hz. The peak glottal width ranged from 0.25 

mm to 4 mm. The range of  peak glottal widths for 

each open quotient is shown in Figure 4 where it can 

be seen that while there is some correlation between 

the minimum peak glottal width and the open quotient, 

there is generally a good overlap in the range of glottal 

widths investigated for the open quotients of 20 to 

60%. 

 

 

5.2 Analysis  

The first formant peak was found from the pressure 

time-history measured at pt1 using an AR spectral 

estimation method of order 11 and a 2048-point 

Fourier transform. The AR estimation is based on the 

autocorrelation function of the signal and operates on 

the entire signal, not just the glottal closed phase, in 

order to capture the effect of the change in glottal 

impedance during the open quotient. The F1 peak was 

defined as the maximum value of the spectral estimate 

between 200 Hz and 1 kHz. Each spectrum was 

inspected visually and where no identifiable peak was 

found, the F1 estimate for that data set was rejected. 

Hence the data set for an open quotient of 80% in 

particular is of a rather smaller size than for the other 

three open quotients tested.  

5.3 Results and discussion  

Figure 5 shows the relationship between glottal width 

and F1 estimate for each open quotient. A further 
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Figure 4: Peak glottal  width vs open quotient 

for all f0 
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division of the data by fundamental frequency showed 

no dependence of F1 on f0 for the range investigated. It 

is immediately evident that the F1 estimates in all cases 

are higher than the expected value of about 500 Hz for 

a 175 mm duct open at one end.  

 

 

 

 

 

The general trend of increasing F1 with increasing 

glottal width is clear for each open quotient value. The 

trend of increasing F1 with increasing open quotient is 

more pronounced for smaller glottal widths. The 

apparent convergence of F1 values at higher glottal 

widths may be due to the paucity of data in this region 

arising from the difficulty in identifying a spectral peak 

associate with F1 for longer open quotients. 

6 Conclusions and Future work 

This paper has detailed an investigation of the 

variations in F1 with changes in glottal impedance in 

both static and dynamic glottal configurations. In both 

cases the frequency of F1 increases with increasing 

glottal width and in the dynamic case, increasing the 

glottal open quotient also caused an increase in the 

frequency of F1. For the dynamic glottis, the frequency 

of F1 was always significantly higher than the quarter-

wavelength resonance of an open-closed tube with the 

same duct  length. The exact values found for the F1 

frequencies in this study are likely to be strongly 

dependent on the precise geometry of the model and 

thus the findings may be thought of only as indicative 

of the a likely F1 values to be found in real speech.  

The next stage of our work will focus on developing a 

theoretical model that can predict behaviour in the 

dynamic case and on analysis of the first formant of 

voiced speech as the open quotient and glottal 

amplitude are varied. 
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