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Abstract
Objectives: To explore the use of ultrasonic waves based glottal excitation for reducing the distracting background 
noise present in the conventional artificial larynx. Methods/Analysis: The persons, whose larynx is removed, mostly 
use artificial larynx to generate the excitation, which produces background noise. Our hypothesis is that if the glottal 
excitation is generated by using two ultrasonic waves, the background noise may be reduced as the ultrasonic frequencies 
are inaudible. The audible excitation is generated within the vocal tract by nonlinear interaction of the external high 
frequencies focused around the larynx. Vocal tract parameters were extracted from the recorded normal and alaryngeal 
speech segments using Linear Predictive Coding (LPC) technique using analysis window of 20 ms with overlap of 10 ms 
and order of 500. Findings: Five types of excitations, sinusoid of the desired pitch frequency, sinusoid of high frequency, 
sinusoid of high frequency plus pitch, amplitude modulated high frequency and non-linearly generated excitation are used. 
The analysis of the results shows that non-linearly generated excitation may be used for reducing the background noise 
along with enhanced intelligibility and Mean Opinion Score (MOS) estimated for the cardinal vowels using non-linear 
excitation is 2.1, 4.0 and 3.7 with laryngeal vocal tract parameters, for the three cardinal vowels as compared to the MOS of 
1.4, 1.0 and 2.3 with alaryngeal vocal tract parameters. Novelty: In the proposed technique, use of ultrasonic frequencies 
for generating the glottal excitation reduces the distracting audible background noise present in conventional techniques 
resulting in enhanced alaryngeal speech.

1. Introduction
Human beings interact with each other by speaking their 
thoughts. This act of speaking produces an acoustic signal 
called speech signal. Speech is an exceedingly non-sta-
tionary signal changing vigorously and rapidly in time1,2. 
It is produced by well-organized signals from brain to 
diaphragm, laryngeal muscles, vocal folds, vocal tract 
and nasal tract. If the speech segment is produced due 
to the vibrations of the vocal folds, the speech segment is 
called voiced, otherwise, unvoiced. Unvoiced speech seg-

ments are produced by perturbations within or outside 
the vocal tract. The frequency of vibrations of the vocal 
folds is called the pitch frequency. Typical pitch frequency 
of a male speech is approximately 85-155 Hz and for the 
females is approximately 165-255 Hz. There is an overlap 
in the pitch frequency band between the two genders. In 
case of singers, the vocal range is from bass to soprano 
and the range of pitch frequency is 80 Hz-1100 Hz. 
Therefore, speech is generated when the air stream from 
the lungs, which acts as DC energy source, is constricted 
by the vocal folds in the larynx or some other disturbance 
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within the system to ac flow. The vocal folds enveloped by 
the larynx situated at the upper end of the trachea shape 
the continuous air flowing from the lungs into puffs of 
air, which while passing through the entire vocal tract 
and the articulators in the mouth, gives a certain spectral 
shape to form the speech signal1,2 shown in Figure 1(a). 
The speech production mechanism is shown in Figure 2. 

Figure 1. Normal and alaryngeal human vocal tract.

Figure 2. Speech production mechanism.

In India and world over, all the total head and neck 
surgeries performed, about 30-40 % persons have to 
undergo laryngectomy. Laryngectomy is a surgical pro-
cedure where the larynx along with the vocal folds, 
supporting cartilage and muscles are removed and the 
person who undergoes this procedure is called laryn-
geotomee. The most prevalent cause for undergoing this 

operation is laryngeal cancer. The predisposing causes 
are smoking and chewing tobacco or some pulmonary 
disease such as obstruction or carcinoma. Its prevalence 
increases if the person is consuming non-vegetarian diet 
along with alcohol3–5. A laryngeotomee, in consultation 
with a surgeon and a speech therapist, can be trained 
to produce speech which is called as alaryngeal speech. 
Various methods have been researched and improvised 
upon to increase the quality of life of a laryngeotomee. 
The most common methods are the esophageal speech, 
tracheoesophageal speech and artificial larynx speech. 
The first method is the esophageal speech, where injec-
tion method is utilized by the laryngeotomee to produce 
speech shown in Figure 1(b). The laryngeotomee uses the 
tongue as a driving mechanism to trap air between the 
tongue, hard and soft palates and the pharynx. The com-
pressed air is then forced backward towards the stomach. 
Since the passage towards the lungs is sealed, the trapped 
air goes into the hypopharynx and the esophagus, where 
it gets entrapped for phonation6. This air thus trapped in 
the esophagus is then expelled out forcibly towards the 
mouth. While moving out it causes vibration of the vocal 
tract muscles giving rise to phonation7. Using the normal 
processes of resonation and articulation, the esophageal 
speaker is thus able to produce intelligible speech. 

The second method is tracheoesophageal speech as 
shown in Figure 1(c) and is preferred in comparison to 
other methods. The reason is that it allows pulmonary air 
to be used for phonation and thus voiced and unvoiced 
sounds can be produced. Tracheoesophageal speech is 
generated using a transesophageal puncture made in 
posterior wall of the trachea and the anterior wall of the 
esophagus just behind the tracheostoma. A one-inch 
valve or prosthesis is placed in the puncture. Speech is 
produced by blocking the tracheostoma either with a fin-
ger or an adjustable valve. The air expelled from the lungs 
is directed through the prosthesis into the esophagus, 
providing excitation to the vocal tract. The main prob-
lems associated with this method are bleeding disorders, 
anxiety disorders, dementia, poor vision and poor man-
ual dexterity, which get further aggravated with increase 
in age of the patient.

The third method to produce alaryngeal speech is by 
using an artificial larynx generally called as electrolarynx 
as shown in Figure 1(d). There are numerous models of 
artificial electrolarynxes available for the laryngeoto-
mees which aid to produce voiced speech8–10. In order to 
produce consonants without any pulmonary airflow, the 
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laryngeotomees have to undergo training period under a 
speech therapist. The electrolarynx is a handheld device, 
which has a vibrator at one end and the other end is placed 
firmly against the neck in the area of the hypopharynx. 
When the device is switched on, it produces a mechanical 
sound, which when coupled with the upper part of throat, 
allows the sound vibrations to travel through the throat 
tissue to the vocal tract. These vibrations are given spec-
tral shape together by the vocal and nasal tract and result 
in audible speech. A proper coordination between switch-
ing on and off of the device must be maintained to avoid 
the noise generation between the utterances6. Researchers 
observe esophageal speech and artificial larynx speech as 
attuned to offer the laryngectomee with a viable solution 
for ready speech source for all occasions6,11. The process 
of laryngeal and alaryngeal speech production is shown 
in Figure 1.

The artificial larynx has some inherent drawbacks, 
due to which it does not allow intelligible and natural 
speech, thereby impacting the quality of life of a laryn-
geotomee. The first drawback is the spectral distortion 
introduced by the throat tissues through which the vibra-
tions generated by the artificial larynx travel12. The second 
drawback is loss in signal energy due to low frequency 
attenuation by the improper coupling of the artificial 
larynx with the skin as the transmission loss is inversely 
proportional to frequency. Sometimes the vibrations may 
not propagate through the medium when the neck mus-
cles have thickened due to the radiation, generally given 
after the laryngectomy operation12. Inefficient coupling 
of the device to the body results in the deficiency of low 
frequency. Finally, there is continuous background noise 
emanating from the device even during the unvoiced 
speech and stops. Thus, the quality of the alaryngeal 
speech so produced is unintelligible and annoying. 

A multipronged strategy has been adopted by speech 
researches and developers to address the problem of EL 
speech. One strategy is to modify the alaryngeal speech13,14, 
other is to enhance the EL speech15–19 and another is to 
modify the design of electrolarynx20–22. Literature sur-
vey indicates that there are huge gaps in EL speech and 
normal speech and further research needs to be done 
to improve the quality and intelligibility of EL speech. 
Recently researchers have employed the non-linearity of 
the medium for propagation and interaction of ultrasonic 
waves for transmitting speech in restricted zones23–25. The 
idea of generating alaryngeal speech using interaction of 
two ultrasonic waves was first given in26–29. The same idea 

was further investigated using 3D based simulation of 
Austin man model30. In this paper, the concept has been 
explored for synthesizing the speech for laryngeotomee 
by using the audible excitation generated by non-linear 
interaction of ultrasonic signals. Use of ultrasonic fre-
quencies avoids the audible background noise present in 
conventional artificial larynxes. The theory of non-linear 
propagation is presented in Section 2 and methodology 
of investigations carried out in Section 3. Results are dis-
cussed in Section 4. The conclusion and future scope has 
been discussed in Section 5.

2. Non-Linear Acoustic Theory of 
Sound Propagation
Sound is an acoustic wave and may be treated as a pres-
sure wave for deriving its equations of propagation31. 
For comparatively large materials in comparison to the 
wavelength, the propagating wave may be treated as a 
ray32. Therefore, the concepts of reflection, refraction, 
diffraction, Doppler effect33, principal of superposi-
tion34, Fermat’s35, and Huygens principle33 can be used for 
describing the wave-material interactions36,37. This is 
called geometric acoustics38 as the dual to wave acous-
tics39. All acoustic waves, audio or ultrasonic obey the 
laws of geometric acoustics40. Since a sound wave propa-
gates through a medium as a localized pressure change, 
increasing the pressure in the medium increases its 
temperature, the speed of sound in a particular area in 
a compressed material increases with temperature, due 
to which the wave travels faster during the high pressure 
phase of the oscillation than during the lower pressure 
phase. This affects the wave’s spectral shape. The wave 
which is in the beginning a plane sine wave comprising of 
a single frequency, cumulatively becomes more like a saw 
tooth wave. The wave distorts itself and new frequency 
components are introduced which can be described by 
the Fourier series. This phenomenon, where the medium 
exerts its properties on the wave propagation, is called 
non-linear behavior. This effect always comes into exis-
tence, but the effect of geometric spreading and of 
absorption usually overcomes this self-distortion, thereby 
allowing the linear behavior to prevail over far field area. 
Linear acoustic theory is valid for small amplitude waves 
and holds good for many vibro-acoustic interactions but 
is invalid in sound fields with high sound pressure levels. 
However, the non-linear acoustic behavior sustains when 
the waves are having finite amplitude and close to the 
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source of generation of waves. Finite amplitude waves can 
be generated in interior fields when resonance occurs41, in 
the far-field of atmospheric and underwater explosions42, 
in tire noise generation43 and in many aero-acoustic 
sources such as sonic booms44. Nonlinear effects increase 
with the frequency of the waves, and thus the study of 
nonlinear acoustics has also become important in high-
frequency applications such as ultrasound45. For example, 
when two finite amplitude acoustic waves having differ-
ent frequencies interact with one another in a medium, 
secondary waves, whose frequencies correspond to the 
sum and difference of the primary waves, may be pro-
duced as a result of nonlinear interaction of the incoming 
waves46,47. Additionally, a wave of different amplitudes also 
generates different pressure gradients, contributing to the 
non-linear effect. The pressure changes within a medium 
cause the wave energy to transfer to higher harmonics. 
Attenuation increases with frequency, as a counter effect 
exists, that changes the behaviour of nonlinear effect over 
distance. The level of nonlinearity of materials is described 
by a nonlinearity parameter (B⁄A). The values of A and B 
are the coefficients of the first and second order terms of 
the Taylor series expansion equation, relating the mate-
rial’s pressure to its density. The Taylor series has more 
terms and hence more coefficients but the coefficients 
C, D. etc. are seldom used. Linear modelling computes 
approximate estimate of the behavior of the system, on the 
other hand, the exact behaviour of the underlying systems 
may only be determined by non-linear modelling. Real 
world problems in coastal and ocean engineering usually 
have been solved numerically by non-linear formulations. 
If the effect of convective and constitutive nonlinearities 
is neglected, the partial differential equation for a linear 
acoustic wave may be written as:

2

2 2

1 0
c t

φ ∆φ∂
− =

∂
        (1)

Where φ  is the velocity potential and c  the speed 
of sound. Velocity potential and particle velocity ( u ) are 
related by relation uφ = ∇ . This equation has very rare 
applications as most of the time the propagation of the 
acoustic wave is non-linear. The amount of non-linearity 
depends upon the relation between pressure, density, and 
ratio of specific heats (γ ). If air compression (or expan-
sion) is isothermal (taking place at constant temperature
T ), then, according to the ideal gas law PV nRT= , 

the pressure P  would simply be proportional to density
ρ  giving the value of γ  as 1. However, heat diffusion 
is much slower than audio acoustic vibrations due to 
which air compression and expansion is much closer to 
isentropic or constant entropy S in normal acoustic situ-
ations. An isentropic process is also called as reversible 
adiabatic process. This means that when air is compressed 
by shrinking its volume V, not only does the pressure P  
increases but the temperature T also increases. In a con-
stant-entropy compression or expansion, temperature 
changes are not given time to diffuse away to thermal 
equilibrium, instead, they remain largely frozen in place. 
Compressing air heats it up and relaxing the compression 
cools it back down, thereby, introducing nonlinearities in 
the wave. Accordingly the nonlinear isentropic equation 
of state for air can be written as follows:
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Where, P and Po are the total and reference pressures, 
ρ and ⍴o are the current and reference densities. For air, 
the value of γ is about 1.4 for air under normal condi-
tions of pressure and temperature. Equation (2) may be 
expanded using Taylor series at system entropy s = s0

44: 
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Which can be written as 
2

0( )
p c

ρ ρ
=

−       (6)

Equation (6) shows that stiffness or bulk modulus 

0( )
p

ρ ρ−
 is simply the square of the linear speed of sound. 

Incorporating the effect of conservation of mass and 
momentum in (4) up to second order terms, the resulting 
equation is41,47–49:
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The first two terms in (7) are the same as in (1), but 
the fourth and fifth terms are due to incorporating non-
linear behavior of the system. The third term is actually 
a linear absorption term, but it is usually grouped with 
the nonlinear terms to indicate deviation from the linear 
wave equation. The parameter b is for absorption in the 
fluid due to viscosity and thermal conductivity. Putting

1φ ψ
ρ

= in (7):
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The range of validity of nonlinear wave equations is 
typically given in terms of acoustic mach number, defined 
as the ratio of particle velocity and the velocity of sound. 
Because of the non-linear propagation, whenever, two 
high frequency sinusoidal waves travel through a medium, 
waves having frequencies as the sum and difference of the 
propagating frequencies, along with their harmonics are 
generated along the direction of propagation. The higher 
frequency components get attenuated relatively at higher 
rates as compared to lower frequencies50,51. The resultant 
primary and secondary pressure waves may be given as52;
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Where p0 primary wave consisting of two frequencies 
f1  and f2 . The resultant secondary waveform ps consists of 
sum- and difference frequencies long with the constituent 
frequencies  f1  and f2 . Here, ( , )cp r t  and ' ( , )cp r t   are 
remaining constituent terms.

The investigations of interaction of two frequencies, 
both having high frequencies were analyzed. The effect 
of source separation, the crossing angle on the propagat-
ing ultrasonic wave shapes and different high frequencies 
have been studied24. The frequencies of the ultrasonic 
waves were taken as 40.5 kHz, 39.5 kHz, 41 kHz, 39 
kHz, 41.5 kHz, 38.5 kHz, 42 kHz and 38 kHz. The beam 
crossing angle was fixed at 3° and the source separation 
at 0.15 m. The investigations showed that the amplitude 
of the difference frequency generated was proportional 
to the square of the difference frequency. Investigations 
of the source separation showed that on increasing the 
source separation, the sound spot with small area could 
be generated. Also, the maximum value of the differ-
ence frequency decreases with the increase of the source 
separation and its position of the sound spot gradually 
shifts further away from the origin. As the crossing angle 
increases, the maximum sound amplitude is closer to the 
origin along with the decrease in the sound zone. The 
valid length in the direction of propagation also becomes 
smaller with increasing interaction angle.

The observations may be used for designing an arti-
ficial larynx, using two ultrasonic vibrators separated by 
fixed around the neck and directing their beams along 
the vocal tract interacting at an crossing angle of about 60 
to 80 degree, giving the spot of low frequencies near the 
centre of the laryngeal space, which may act the source of 
audio excitation to the vocal tract.

3. Methodology
The methodology of the investigations may be catego-
rized into six sub-sections: Speech material preparation, 
estimation of coefficients of quadratic non-linear equa-
tion, estimation of ultrasonic frequency, speech analysis 
and speech synthesis and speech evaluation, as follows;

3.1 Speech Material Preparation
The recording of 6 speakers in Hindi (3 male and 3 
females) and 6 alaryngeal speakers (4 male and 2 female) 
was carried out using high quality recording system. The 
speakers were of the age group of 20 to 30 years, all univer-
sity students pursuing Post-graduate studies in sciences. 
Although the first language of the speakers was Dogri but 
they were able to speak Hindi fluently. The speakers were 
asked to utter cardinal vowels /a/, /i/ and /u/. The record-
ing was carried out in an acoustically treated room. The 
recorded speech was segmented into isolated vowels and 
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labeled accordingly. The recording was carried out at a 
sampling frequency of 16000 Hz, keeping quantization at 
16 bits. The recorded speech was up-sampled at 300000 
Hz to enable the experimentation at ultrasonic frequen-
cies.

3.2 Estimation of Non-Linear Parameters
The estimation of non-linear parameters a, b, c, d, and e 
was done using genetic algorithm by taking a population 
of 10 DNAs and 200 iterations. Spectral error between the 
expected vowel and the synthesized vowel using the exci-
tation obtained from the non-linear relation was taken as 
the cost function. The quadratic non-linear equation used 
to synthesize the excitation is given below:

2 2
3 2 3 2 3 2y ay by cy y dy ey= + + + +      (11)

Where, y2 and y3 are described in Table 1. 

Table 1. Synthesized speech using different excitations

S. 
No.

Excitation Synthesized speech

1. y1: Sine wave of 
desired pitch 
frequency.

The speech is synthesized 
using y1 and vocal tract 
parameters of cardinal 
vowels spoken by normal/
alaryngeal speakers

2. y2: Sine wave of high 
frequency (12 kHz or 
40 kHz).

The speech is synthesized 
using y1 and vocal tract 
parameters of cardinal 
vowels spoken by normal/
alaryngeal speakers

3. y2: Sine wave of high 
frequency (12 kHz or 
40 kHz) plus pitch of 
the speaker.

The speech is synthesized 
using y3 and vocal tract 
parameters of cardinal 
vowels spoken by normal/
alaryngeal speaker.

4. y4: Modulated high 
frequency sine wave. 
The modulating 
signal is a sine wave 
having frequency 
equal to average pitch 
of the speaker.

The speech is synthesized 
using y4 and vocal tract 
parameters of cardinal 
vowels spoken by normal/
alaryngeal speaker.

5. y5: Non-linear 
combination of y2 
and y3.

The speech is synthesized 
using non-linear 
combination of y2 and y3, 
and vocal tract parameters 
of cardinal vowels spoken 
by normal/alaryngeal 
speaker

3.3 Estimation of Optimum Ultrasonic 
Frequency
Frequency of ultrasonic waves and frequency differ-
ences were selected on the basis of heating of biological 
tissues present in the vocal tract by an ultrasonic wave. 
The model was developed using comsol, wherein a tis-
sue phantom was selected and subjected to different high 
frequencies and the corresponding rise in temperature of 
the tissue was noted. It was found that frequencies in and 
around 40 kHz range are comfortable for investigations to 
be carried out. Further ultrasonic transducers in 40 kHz 
range are also economically available. The difference fre-
quency generated is also of enough amplitude to produce 
an audible wave.

3.4 LPC Analysis
Vocal tract parameters were extracted from the recorded 
normal and alaryngeal speech segments using Linear 
Predictive Coding (LPC) technique53 shown in Figure 
3. In this technique, the parameters are estimated in the 
form of LPC coefficients, vocal tract area functions, Line 
Spectral Frequencies (LSFs) along with fundamental fre-
quency Fo, bandwidth BW, intensity of the sound and 
residual signal representing the vocal tract excitation54–56. 
In this model, the relation between speech s(n) signal and 
excitation signal u(n) can be written as: 

1
( ) ( ) ( )

p

k
k

s n a s n k Gu n
−

= − +∑       (12)

Figure 3. LPC model of speech.

Where G  is gain and ak' s are the LPC coefficients rep-
resenting the vocal tract shape during the production of 
the speech segment under consideration. Features were 
extracted with window size 20 ms, overlap of 10 ms, and 
order of 500. It may be noted that the LPC order has been 
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taken on higher end because of the high sampling fre-
quency of the signal available for experimentation. The 
vowels of six normal and six alaryngeal speakers were 
taken for the analysis. The scheme for the analysis is 
shown in Figure 4. 

3.5 Speech Synthesis
The synthesized speech was generated with different exci-
tations to enhance the alaryngeal speech. As explained 
in Section 2, ultrasonic generated waves create audible 
sound in air by means of the nonlinear interaction of 
ultrasonic waves. This phenomenon of sound generation 
due to nonlinear interaction of ultrasonic waves has been 
exploited in this experiment; the detail is shown in Figure 
4. The figure shows different types of excitations such 
as y1, y2, y3, y4 and Non-linear combination of y2  and y3  
along with the excitations obtained from the LPC analysis 
of normal and alaryngeal speech samples. The excitation 
y1  is a sinusoid of the desired pitch frequency. The exci-
tation y2  is a high frequency (12 to 40 kHz) sine wave. 
The excitation y3  is the sum of a high frequency (12 to 40 
kHz) sinusoid and the desired pitch frequency. The exci-

tation y4  is a high frequency sinusoid modulated by pitch 
frequency and excitation y5  is a quadratic non-linear func-
tion of excitations y2  and y3 . The pitch frequency selected 
is 200 Hz, 350 Hz and 550 Hz to account for the varying 
human speech pitch frequency range. The coefficients of 
the non-linear quadratic equation were optimized using 
genetic algorithm. For synthesis, the vocal tract param-
eters were taken either from normal speech or alaryngeal 
speech along with the excitation taken from y1  to y5 , using 
one type of excitation at a time. The different combination 
of the output speech is listed in the Table 1. For further 
processing, the speech was down-sampled to the sam-
pling frequency of 16 kHz. .

3.6 Speech Evaluation
The evaluation of the synthesized speech was carried 
out using informal listening tests, visual analysis of the 
spectrograms and MOS based subjective evaluation. It is 
expressed in number from 1 to 5, 1 being the worst and 5 
the best. MOS is quite subjective as it is based on figures 
that result from what is perceived by people during tests. 
However, there are software applications that measure 

 
Figure 4. Schematic of the investigations.
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MOS on networks as we see below. A perceptual evalu-
ation was done to compare the quality of the synthetic 
and the original vowels. Listeners generally preferred to 
listen to the synthesized words, indicating that alaryn-
geal speech enhancement was achieved. It is expressed in 
number from 1 to 5, 1 being the worst and 5 the best.

Figure 5. Speech synthesis for cardinal laryngeal vowel /a/ 
and alaryngeal vowel /a/ with (a, d) recorded (b, e) amplitude 
modulated and (c, f) non-linear excitations.

Figure 6. Speech synthesis for cardinal laryngeal vowel /i/ 
and alaryngeal vowel /i/ with (g, j) recorded (h, k) amplitude 
modulated and (i, j) non-linear excitations.
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Figure 7. Spectrograms of speech synthesized for cardinal 
laryngeal vowel /u/ and alaryngeal vowel /u/ with (m, p) 
recorded (n, q) amplitude modulated and (o, r) non-linear 
excitations.

4. Results 
Synthesized speech generated using different excitations, 
as mentioned in Table 1 was evaluated using visual, objec-
tive and subjective tests. For estimating the values of the 
coefficients of the non-linear Equation (11), the cardinal 
laryngeal vowels were analyzed, using LPC for extract-
ing glottal excitation. One cycle of excitation for each 
was obtained from the beginning, middle and ending 
section of the glottal waveform. The full excitation was 
synthesized by repeating these segmented cycles. These 
excitations were used as reference signals for tuning the 
parameters of the genetic algorithm, finally giving the 
values of the coefficients as a = 0.7329, b = -0.5448, c = 
-0.6170, d = -0.8093 and e = 0.4988. 

Figure 8. Histographic representations of averaged MOS for 
the cardinal vowel /a/.

Visual analysis was carried out using spectrograms; 
some of them are shown in Figure 5 to Figure 7. The scope 
of the analysis in the present paper has been confined to 
only cardinal vowel /a/, /i/ and /u/. The analysis and syn-
thesis was carried out using LPC platform. The formants 
structure of the synthesized speech was comparable to 
that of the recorded speech. The speech synthesized with 
non-linear excitation has smooth formant structure as 
compared to the speech synthesized with other excita-
tions. 

Informal listening tests indicated that the quality of 
the speech synthesized with amplitude modulated excita-
tion (y4 ) was slightly better than the speech synthesized 
by using high frequency sine wave as excitation (y2 and y3 

). The speech synthesized with non-linear combination of 
y2  and y3 , represented as y5 , showed even better natural-
ness. 
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Figure 9. Histographic representations of averaged MOS for 
the cardinal vowel /i/.

Figure 10. Histographic representation of averaged MOS for 
the cardinal vowel /u/.

Subjective evaluation using MOS was conducted 
for six listeners and the results are shown in Figure 8 
to Figure 10. Three listeners were post graduate science 
students and other three were scholars doing research in 
speech signal processing. The speech synthesized using 
nonlinear excitation and alaryngeal vocal tract param-
eters reduced background noise to very large extent, 
improving the intelligibility and naturalness of alaryngeal 
speech. The speech synthesized for vowel /i/ was found 
to be more intelligible and natural than other vowels 
(/a/ and /u/). The averaged MOS of recorded laryngeal 
speech for /a/, /i/, and /u/ were calculated as 4.4, 5 and 
4.7, respectively. On the other hand, averaged score for 
the recorded alaryngeal vowels was 1.3, 1.3, and 1.3. The 
averaged MOS for y3 excitation was obtained as 1.4, 1.3, 

and 3.3, for /a/, /i/ and /u/ with normal vocal tract param-
eters, and 1.3, 1.3, and 2.3 with alaryngeal vocal tract 
parameters. The average MOS for the speech synthesized 
using amplitude modulated excitation (y4 ) was 2.6, 3.0, 
and 4.0 with normal vocal tract parameters and 1.4, 1.0, 
and 1.3 with alaryngeal vocal tract parameters. The aver-
age MOS for non-linear excitation was 2.1, 4.0, and 3.7 
with normal vocal tract parameters and 1.4, 1.0, and 2.3 
with alaryngeal vocal tract parameters. It can be seen that 
the averaged MOS score for speech synthesized with non-
linear excitation for /i/ and /u/ is comparatively better 
than that of /a/ . The overall quality of speech synthesized 
with non-linear excitations is intelligible and natural with 
negligible background noise.

5. Conclusion 
Investigations were carried out to explore the use of non-
linear propagation of ultrasonic waves to generate audible 
excitation for reducing background noise for alaryngeal 
speech. LPC was used for extracting vocal tract param-
eters and excitation. For investigations, cardinal laryngeal 
and alaryngeal vowels were used. Five types of excita-
tions, sinusoid of the desired pitch frequency, sinusoid 
of high frequency, sinusoid of high frequency plus pitch, 
amplitude modulated high frequency and non-linearly 
generated excitation were used. The coefficients of the 
non-linear equation were obtained using genetic algo-
rithm. The investigations were carried out at 12 kHz to 
40 kHz frequencies. The investigations showed that non-
linearly generated excitation may be used for reducing 
the background noise in alaryngeal speech for laryngeo-
tomee. The speech generated was relatively intelligible 
and natural as compared to other the speech generated by 
other types of excitation. The subjective test using MOS 
showed that the quality of the synthesized speech using 
non-linear excitation is 2.1, 4.0 and 3.7 with laryngeal 
vocal tract parameters, for the three cardinal vowels as 
compared to the MOS of 1.4, 1.0 and 2.3 with alaryngeal 
vocal tract parameters. The quality of the speech may fur-
ther be improved by taking more number of ultrasonic 
waves in the form of parametric arrays. These investiga-
tions are on the future plan of our research.
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