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Abstract 

In this contribution, a method for nasalization of speech 

sounds is proposed based on model-based spectral relations 

between mouth and nose signals. For that purpose, the mouth 

and nose signals of speech utterances are recorded 

simultaneously. The spectral relations of the mouth and nose 

signals are modeled by pole-zero models. A filtering of non-

nasalized speech signals by these pole-zero models yields 

approximately nasal signals, which can be utilized to nasalize 

the speech signals. The artificial nasalization can be exploited 

to modify speech units of a non-nasalized or weakly nasalized 

representation which should be nasalized due to coarticulation 

or for the production of foreign words.  

Index Terms: nasalized vowels, nasalization, speech 

synthesis, speech production 

1. Introduction 

Nasalization is a complex phenomenon, which occurs if the 

nasal tract is involved in the speech production process. For 

the investigation of nasalization, spectral analyses of ordinary 

speech recordings as well as the consideration of the anatomy 

and acoustics of the vocal tract and nasal tract can be used [1]-

[4]. Several features are known which describe the effect of 

nasalization such as the introduction of anti-formants and 

nasal formants as well as the damping and shifting of 

formants; furthermore, spectral flattening in the lower 

frequency range can be observed [5]. In this contribution, the 

basic concept of investigating nasalization is to describe the 

nasalized sounds by a linear combination of mouth and nose 

signals which are the signals radiated from the lips and 

nostrils, respectively. Since ordinary speech recordings don’t 

reveal the influences of the individual components, 

measurements of separated mouth and nose signals are 

favorable. In this contribution, model-based spectral relations 

are presented which are estimated from the separated mouth 

and nose signals; until now, results obtained from simulations 

[4] have been presented only. The estimated models are used 

to nasalize speech signals, which can be exploited for speech 

synthesis applications. In [6], an analysis technique based on 

branched tube models has been proposed, which can be used 

to nasalize stationary vowels. In comparison to that, the 

presented method here is applicable to conventional speech 

signals and, therefore, appropriate for applications, too. 

2. Relations of mouth and nose signals 

The main problem of recording mouth and nose signals is to 

separate the signals effectively and to preserve their spectral 

characteristics simultaneously. Few investigations are known 

from literature for separation [6]-[8]. Here, the basic approach 

is to use an insulating panel between lips and nostrils, which 

separates the two signals acoustically. For the investigations of 

this contribution, the panel consists of rigid damping material 

and is horizontally installed into a chamber of about 2 2×  m. 

The velum position is correlated with the intensities of the 

mouth and nose signals. A feature v describing a normalized 

measure of the nasal tract coupling can be defined by 
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where nP  and mP  are the short-time powers of the nose and 

mouth signals, respectively. Very small values of the feature v 

are set to zero by using a threshold. Low values of v indicate a 

de-coupled nasal tract, whereas high values of v indicate a 

coupled nasal tract. Fig. 1 shows the time evolution of the 

feature v of the German word ‘Mayonnaise’ [majonEs@]. It 

can be seen that during the sound sequence [..ajo..] the velum 

is in a lowered position due to coarticulation caused by the 

adjoining nasals. Another interesting observation is that at the 

end of the  utterance  a  lowering  of  the  velum  can  be  seen,  

 

 

Figure 1:  Feature v of utterance ‘Mayonnaise’. 

which is also observed in [9] obtained by flow measurements. 

For the investigations, nasalized and non-nasalized vowels are 

analyzed, which are uttered by a German male speaker. To 

stimulate the required existence or nonexistence of 

nasalization, the vowels are surrounded by plosives or nasals 

representing CVC utterances. The nasalization was strongly 

articulated. A perceptive examination of the recorded signals 

shows that, in contrast to the mouth signals, the nose signals 

sound dull and that usually the type of vowel cannot be 

recognized reliably. A perceptive examination of the linear 

combination  

               ( ) (1 ) ( ) ( )m ns k s k s kλ λ τ= − ⋅ + ⋅ −                      (2) 

of the mouth signal ms  and the nose signal ns  with 0 1λ< <  

shows clearly that the mixed signal s sounds nasalized. The 

degree of the nasalization depends on the parameter λ ;  

however, this relationship is nonlinear. The parameter λ  

should be chosen relatively high for nasalization. An 

interesting result of the perceptive test is that the time-shifting 

parameter τ  has almost no effect on the perception within one 

or few fundamental periods. 
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2.1. Spectral relation of mouth and nose signal 

In [5], the model-based spectral relation /N MU U  between the 

flow transfer functions NU  and MU  from the glottis to the 

nostrils and to the lips, respectively, are presented which are 

derived from acoustic tube modeling based on anatomic data 

from the literature. Here, the spectral relation between the 

mouth and nose signal is analyzed based on acoustic 

measurements, which can be derived in the spectral domain 

from the ratio between the corresponding spectra 

                    /
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The spectra ( )mS ω  of the mouth signal and ( )nS ω  of the nose 

signal are obtained from a pitch-synchronous analysis using 

four fundamental periods. A model-based description of the 

relation 
/ ( )n mS ω  is reasonable since it can be described by the 

ratio between the two transfer functions nH  and mH  

representing the transfer functions from the glottis to the 

nostrils and to lips, respectively. nH  and mH  are pole-zero 

models. If the time delay and the different radiations of the 

mouth and nose signals are neglected, the pole-zero model 
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can be defined to model the envelope of 
/ ( )n mS ω . For the 

pole-zero estimation, 
/ ( )n mS ω  is transformed into the time 

domain via the Inverse Discrete Fourier Transformation 

            ( )/ /( ) IDFT ( )n m n ms n S ω= .                                    (5) 

The poles and zeros are estimated from the signal 
/ ( )n ms n  

with the aid of Prony’s method and an appropiate 

preprocessing. Prony’s method is originally based on an 

approximation of the impulse response [10]. Hence, if Prony’s 

method is applied directly to the speech signal, the estimation 

results are often inadequate. Therefore, Prony’s method is 

applied to an estimated impulse response. To obtain an 

impulse response, a linear prediction of high order is applied 

to the signal 
/ ( )n ms n ; a high order of 90 is chosen to consider 

also anti-resonances. Then, the impulse response ( )h n  of the 

estimated all-pole model of  order  90  is  determined.  Finally, 

  

Figure 2: Ratios 
/ ( )n mS ω  (dotted line) and magnitude 

responses of the pole-zero models (solid line): (a) 

vowel / aɶ /, (b) vowel / oɶ /, (c) vowel / uɶ /. 

the poles and zeros are determined from the estimated impulse 

response ( )h n  by Prony’s method yielding the pole-zero 

system n / mH . Fig. 2 shows the magnitude responses of the 

pole-zero models and the relationships 
/ ( )n mS ω  for different 

back vowels. The orders of the pole-zero models is chosen 

with 20 poles and 10 zeros by 20N =  and 10M = . The 

orders should be chosen not too high to avoid overfitting. It 

can be seen that some similarities exist between the pole-zero 

models for the back vowels; for example, all models show a 

zero located between 1 kHz and 1.5 kHz and another slightly 

above 3 kHz. However, the relations can differ from those of 

the front vowels. 

3. Model-based nasalization 

The pole-zero model describes the relation between the mouth 

and nose signal. Therefore, it can be used to transform a 

mouth signal into a nose signal. This transformation is 

performed in the time domain by filtering the mouth signal 

with the impulse response /n mh  of the pole-zero system n/mH : 

                    /
ˆ
n n m ms h s= ∗ .                                                (6) 

The resulting signal ˆ
ns  of the convolution represents an 

estimated nose signal. Fig. 3(c)-(d) shows the time signals of 

ˆ
ns  and ns  for the vowel / aɶ / and Fig. 3(g)-(h) shows the 

corresponding spectra. It can be seen that the estimated nose 

signal is close to the original nose signal. Perceptive tests 

show that the signals ˆ
ns  and 

ns  are perceptively equivalent. 

The estimated nose signal can be used for nasalization. For 

that purpose, the estimation ˆ
ns  is substituted for the actual 

nose signal ns  in eq. (2) yielding the nasalized speech signal  

              ˆ( ) (1 ) ( ) ( )m ns k s k s kλ λ′ = − ⋅ + ⋅ .                         (7) 

The signal s′  is derived only from the mouth signal and the 

pole-zero model. The perception of the signals s′  and s  is 

practically equivalent. This procedure is carried out with the 

pole-zero model /n mH , which corresponds to the signal ms ; 

however, a mouth signal 
m
s +  from another utterance 

representing the same nasalized phoneme can be used, too. 

The resulting signal s +′  which implies the substitution 
m
s +  

for ms  in eqs. (6)-(7) can be perceived also clearly as a 

nasalized sound.  

3.1. Artificial nasalization of speech signals 

A further step is to utilize the procedure for nasalizing non-

nasalized or weakly nasalized vowels. If in eqs. (6) and (7) a 

conventional speech signal s  is substituted for that of the 

mouth signal ms , the system  

               n/m( ) (1 ( ))nasH z H zθ θβ α= + ⋅                                (8) 

can be derived which represents a nasalization system for the 

sound { , ,...}a oθ ∈ . n/mH θ  is the pole-zero model of eq. (4) 

obtained from the sound θ . To nasalize a speech signal s , 

the filtering 

                   nass h sθ′′ = ∗                                                      (9) 

by the system nasH θ  is performed. The parameter α  adjusts 

the degree of nasalization, and the parameter β  adjusts the 

amplitude of the output signal s′′ . The approach replaces the 

mouth signal of a nasalized sound by a speech signal of a non-

nasalized sound. This is only an approximation since the  

1116



 

Figure 3: Time signals (a)-(d) and corresponding 

spectra (e)-(h): (a) non-nasalized vowel /a/, (b) 

estimated nose signal /
ˆ
n n ms h s′′ = ∗  from non-nasalized 

/a/, (c) estimated nose signal /
ˆ
n n m ms h s= ∗  from 

mouth signal of / aɶ /, (d) nose signal of / aɶ /. 

   

Figure 4: Spectra of non-nasalized vowel /a/ (blue 

solid line) and its nasalized version s′′  (dashed line). 

mouth signal of a nasalized sound is modified by the nasal 

tract. Additionally, the vocal tract areas are modified by the 

lowered velum and by other articulators such as the tongue. 

The latter is especially valid for nasal vowels [11], which 

imply more differences of the vocal tract configuration. 

Another effect is that nasalization is speaker dependent. This 

includes the speaking style in general and that of special 

words. In the case of foreign words, differences of nasalization 

between native and non-native speakers and those with 

different language skills exist, too.  The following example of 

the processing of a speech signal s of a non-nasalized vowel 

demonstrates that the substitution for the mouth signal of a 

nasalized sound works approximately. The signal s of the non-

nasalized vowel /a/ and its spectrum is shown in Fig. 3(a),(e). 

Corresponding to eq. (6), a nose signal can be estimated from 

the speech signal s by /
ˆ
n n ms h s′′ = ∗ . The estimated nose signal 

and its spectrum are depicted in Fig. 3(b),(f), which have 

similarities with those of Fig. 3(d),(h). It should be noted that 

in comparison to Fig. 3(b),(f), for Fig. 3(c),(d),(g),(h) the same 

utterance is used. The spectrum of the nasalized signal 

nass h s′′ = ∗  and the spectrum of the original signal s  of the 

non-nasalized vowel /a/ is depicted in Fig. 4. In spite of the 

simplifications, perceptive examinations show that 

nasalization can be recognized for the signal s′′ . The effect 

and the degree of nasalization depend on the phoneme and on 

the individual realization. This can be explained by the fact 

that the formants of the non-nasalized vowel don’t match 

exactly those of the mouth signal ms  of the nasalized vowel 

used for the pole-zero model. In spite of those variations, the 

procedure enables practical solutions for applications which 

will be illustrated in the following section.  

3.1.1. Nasalization of speech signals in certain areas 

The nasalization system n/mH θ  can be exploited for speech 

synthesis applications balancing missing units in the corpus. If 

parts of speech units are represented in a non-nasalized 

version, although a nasalized version would be adequate, 

modifications of units can be realized by using the system 

nasH θ . This is applicable for balancing mismatches caused by 

coarticulation, by the style of the speaker and, especially, by 

the occurrence of nasal vowels in foreign words. Nasalization 

by coarticulation can be effective over several sounds as 

demonstrated by the example in Fig. 1 and can be a missing 

feature of the unit if the concatenation is performed within 

words. For example, if the German word ‘malen’ [mal@n] is 

missing and the segment [..al@..] of a non-nasalized context 

exists, the segment [al@] can be concatenated with the phones 

[_m..] and [..n_] by an OLA-technique; [_] describes a pause. 

To consider the coarticulation, the segment [al@] is nasalized 

by using / /a

nasH  and, then, concatenated with the nasals. A 

segment [..al@n..] of the concatenation is shown in Fig. 5(a)-

(b) for the nasalized and the original non-nasalized version, 

respectively. Here, also the sounds /l/ and /@/ are nasalized by 
/ /a

nasH . Although the system / /a

nasH  is specialized for the vowel 

/a/, a perceptive evaluation shows that the whole utterance 

sounds nasalized without synthesis artifacts and distortions of 

the sound perception. An perceptive evaluation with several 

listeners indicates that not always the more realistic nasalized 

version is preferred since non-nasalized speech signals sound 

more brightly in general. In comparison to effects of 

coarticulation, another relevant case is given by foreign words, 

especially those of French origin including nasal vowels. 

Monolingual corpora cover not directly the synthesis of 

foreign words. This problem can be tackled by phoneme 

mappings balancing the imperfection of the corpus [12]-[14]; 

however, a modification of the units can be considered, too, as 

demonstrated in this contribution. In the following two 

examples, units with a German pronunciation are modified to 

reach more the target pronunciation which is here French. The 

examples are the name ‘Air France’ [fr :s]ɶa and the foreign 

word ‘chanson‘ [S so:]ɶɶa  which are uttered from different male 

speakers. The time signals with German pronunciation and the 

nasalized version are shown in Fig. 5(c)-(f), where the 

segments of the vowel in ‘France’ and the first vowel in 

‘chanson’ are shown. Only the vowels are nasalized by the 

pole-zero system. The time signals show that no artifacts 

occur, also for the non-stationary onsets of the vowels. Fig. 6 

shows the spectrograms for frequencies up to 6 kHz of the 

original and modified version of the utterance ’chanson’ (16 

kHz sampling rate). It can be seen that frequency regions are 

damped in the nasalized version. A perceptive evaluation with 

several German listeners of different language skills shows 

that, in the majority of cases, the nasalized versions are more 

associated with French. Although the quality of French nasal 

vowels is not reached perfectly, the artificial nasalization of 
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the speech signals leads usually to a more French impression 

by the listeners. For that purpose, the parameter α  should be 

chosen relatively high, but not without limits. It should be 

noted that the target group of a German synthesis are usually 

Germans and that the perceptive expectation of foreign words 

depends also on the language skills of the foreign language. 

 

Figure 5: Original speech signal (b)/(d)/(f) and 

nasalized signal (a)/(c)/e): utterance ‘malen’ (a)-(b), ’ 

‘Air France’ (a)-(b), and ‘chanson’ (a)-(b); the shown 

segments are underlined. 

 

Figure 6: Spectrogram of whole utterance ’chanson’: 

(a) nasalized signal, (b) original signal. 

Overall, the investigations show that the nasalization method 

by the pole-zero filtering is applicable to normal speech 

signals, also to those of different speakers. No distortions or 

artifacts, which could deteriorate the speech quality, occur 

usually by the filtering. Further improvements of the 

procedure could be possible by, firstly, considering also a 

transformation of mouth signals from non-nasalized into 

nasalized versions and, secondly, by modifying the pole-zero 

models considering the different formant structures. 

4. Conclusions 

The nasalization of vowels is investigated based on spectral 

relations between mouth and nose signals. By a model-based 

description of the relations, mouth signals can be transformed 

into nose signals. Adding the estimated nose signals to the 

original signals produces nasalization. Although this is only an 

approximation, the perceptive tests give clearly an evidence of 

this method. Due to the simplicity and robustness of the 

discussed approach, the method is usable for modifications of 

speech units.  
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