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ABSTRACT

A vocal frequency estimation method and an analysis of
vocal tremor are proposed. Vocal tremor is a narrow-band
low-frequency perturbation of the vocal frequency. The vo-
cal frequency estimate is the instantaneous frequency cal-
culated in an automatically selected frequency-band of a
wavelet transform of the speech signal. The vocal frequency
estimation method is compared to an event-based method
and a Hilbert-transform method for speech signals. The
tremor frequency and amplitude are obtained by means of
a continuous wavelet transform applied to the instantaneous
frequency trace. The proposed analysis has been applied to
parkinsonian and normophonic speakers. The results sug-
gest that the vocal tremor features differ for both groups.

1. INTRODUCTION

Measuring the fundamental frequency F0 accurately is still
considered a difficult task in speech processing. However, it
is necessary for applications like the study of vocal tremor.
Vocal tremor is a narrow-band low-frequency perturbation
of the fundamental frequency. For this application, it is nec-
essary to be able to track small perturbations of the F0, with
an amplitude of a few percents and a variation frequency
up to 20Hz. This implies that the time-resolution of the F0

trace should be at least one value per vocal cycle.
The proposed analysis of vocal tremor has two stages.

First, the F0 trace is obtained by means of a continuous
wavelet transform. Second, vocal tremor features are ex-
tracted by means of a second continuous wavelet transform.

The F0 extraction method is compared to an event-based
and to a Hilbert-transform-based method. It is shown that
the proposed method gives a F0 value for each time sam-
ple of the speech signal, does not need any prior estimation
of the speakers average F0 and is more adaptive than the
Hilbert-transform-based method.

∗The first author is a fellow with the FRIA (Belgium).
†The third author is a Senior Research Associate with the Fonds Na-

tional de la Recherche Scientifique (Belgium).

The proposed analysis of vocal tremor has been carried
out on normophonic and parkinsonian speakers. Results on
the difference between both groups are presented.

2. FUNDAMENTAL FREQUENCY EXTRACTION

The instantaneous frequency ω(t) of a band-pass signal s(t)
may be defined using its Hilbert transform H[s(t)] [1].

ω(t) =
dΦ(t)

dt
(1)

Φ(t) = arg[s(t) + jH[s(t)]] (2)

The instantaneous frequency can also be defined using
a continuous wavelet transform (CWT) [2]. The continuous
wavelet transform of a signal x(t) is defined as

CWT (λ, t) =
∫ +∞

−∞
x (u)

1√
λ

ψ∗
(

u − t

λ

)
du (3)

where ψ(t) is the wavelet function and CWT (λ, t) is the
wavelet transform coefficient for a scale factor λ, at time t.

For a CWT using analytical wavelets, the amplitude and
phase of the CWT coefficients represent the envelope and
instantaneous phase of the spectral components of the sig-
nal in the frequency band centered on the central frequency
fc of the wavelet [3]. The time-derivative of the phase of
the complex CWT coefficients is therefore an estimate of
the instantaneous frequency of the signal in that frequency
band. The evolution of the instantaneous frequency in dif-
ferent frequency-bands of the signal can thus be studied by
means of the CWT coefficients.

In the proposed F0 extraction method, the complex Mor-
let wavelet is used:

ψωc
(t) = C eiωct

[
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√
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4 e

− t2

σ2
t

]
(4)

The scale of the wavelet is determined by the central
frequency fc = ωc

2π , which fixes the frequency of oscilla-
tion of the wavelet. The parameter σt fixes its decay. The
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product ωcσt must be constant for a wavelet family and is
chosen equal to 5.The normalization factor C is chosen so
that

∫ +∞
−∞ |ψωc

(t)|2 dt equals 1.
In the neighborhood of the wavelet frequencies that fit

best the cyclicity of the signal, the amplitude of the CWT
coefficients presents a maximum and the instantaneous fre-
quencies obtained by means of the CWT phase coefficients
are very close to the cyclicity of the signal [4]. For speech
signals, the CWT coefficients will thus be maximum around
the fundamental frequency.

Using the instantaneous frequency gives a better fre-
quency resolution than the frequency step of the CWT eval-
uation [5]. Indeed, for each time sample, in the (wavelet
central frequency - instantaneous frequency) plane, the val-
ues of the instantaneous frequency are very close to the fun-
damental frequency in a large frequency-band around the
actual value. Fig. 1 shows the (wavelet central frequency -
instantaneous frequency) plane for a given time sample, for
a synthetic speech signal. The plain line is the instantaneous
frequency, the dashed line is the bisecting line and the dot-
ted line shows the wavelet central frequency for which the
amplitude is maximal. Fig. 2 shows the fundamental fre-
quency traces obtained by the maximum amplitude trace of
the CWT and by the corresponding instantaneous frequency
obtained for a sinusoidal signal which frequency is modu-
lated by a sinus and for a wavelet frequency step of 5Hz.
The reference is also plotted. The difference between the
F0 trace based on the instantaneous frequency and the ref-
erence F0 trace is too small to be seen on this plot.
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Fig. 1. The plain line is the instantaneous frequency, the
dashed line is the bisecting line and the dotted line shows the
wavelet central frequency where the amplitude is maximal.
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Fig. 2. Comparison of the frequency resolution of the F0

traces based on the instantaneous frequency and on the max-
imal amplitude of the CWT, with the reference F0 trace.

In the proposed method, the F0 is estimated by the in-
stantaneous frequency based on the phase of the CWT coef-
ficients whose amplitudes are at a maximum in the interval
from 50 Hz to 500 Hz.

3. FEATURE EXTRACTION

A second CWT is performed on the F0 trace extracted in the
first stage, to analyze the F0 features. The tremor frequency
and tremor amplitude are determined.

3.1. Tremor frequency

The perturbation of the vocal frequency usually presents
more than one frequency component. To take all the fre-
quency components into account, the tremor frequency is
obtained by the weighted sum of all instantaneous frequen-
cies higher than 1Hz, for which the amplitude of the CWT
energy is higher than a threshold. The weight is given by the
corresponding wavelet transform energy. An instantaneous
tremor frequency can thus be obtained:

TF (t) =

∑
fc>1Hz[CWT 2(2πfc, t)IF (2πfc, t)]∑

fc>1Hz[CWT 2(2πfc, t)]
(5)

where IF (2πfc, t) is the instantaneous frequency based on
the phase of the CWT coefficients.

3.2. Tremor amplitude

In the literature, the tremor amplitude is defined as the max-
imal or the standard deviation of the F0 trace, normalized by
the average F0 [6]. A definition of the tremor amplitude is
proposed, based on the wavelet transform coefficients. An
instantaneous energy value can be obtained by the sum of
the energy density of the wavelet transform coefficients for
each time sample. The square root of this instantaneous en-
ergy, normalized by the average F0 is an estimation of the
instantaneous tremor amplitude:

TA(t) =

√∑
fc>1Hz CWT 2(2πfc, t)

F̄0
(6)

where F̄0 is the average F0.

4. RESULTS

4.1. Fundamental frequency extraction

The precision of the proposed F0 extraction method has
been tested on sinusoidal signals which are modulated in
frequency. Fig. 3 shows the maximum error of the proposed
F0 extraction method, as a function of the modulation am-
plitude, for different average values of F0, for a sinusoidal
signal modulated in frequency by a 5Hz sinusoid.
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Fig. 3. Maximum error of the proposed F0 extraction
method, as a function of the modulation amplitude, for dif-
ferent average values of F0 (50 to 400Hz).

The proposed F0 extraction method has been compared
to event-based and Hilbert-Transform-based F0 extraction
methods. Event-based methods extract cycle length time se-
ries from the positions of the positive-going zero-crossings
that precede the main vocal cycle peak [6]. For the Hilbert-
transform method [7], the speech signal is band-pass filtered
around the fundamental frequency, the characteristic value
of which must be estimated first. The instantaneous fre-
quency trace obtained from the associated analytical signal
is an estimate of the time-evolving F0. The analyzed speech
signals are sustained vowel segments [a], sampled at 25kHz.

Fig. 4 illustrates the wavelet-based method, an event-
based and Hilbert-Transform-based method for a disordered
speech signal. For clarity, the vertical scale of the lower
figure has been dilated.
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Fig. 4. Speech signal and fundamental frequency obtained
by the event-based, wavelet-based and Hilbert-transform-
based methods for a parkinsonian speaker.

4.2. Tremor features

The proposed analysis has been carried out on a corpus of 26
normophonic and 25 parkinsonian speakers (all male). The
speech signals are 5-sec-long stable segments of sustained
vowel [a], sampled at 25kHz.

Fig. 5 and Fig. 6 show the F0 trace, the CWT 2 coeffi-
cient, the tremor frequency and the tremor amplitude for a
parkinsonian and for a normal speaker.

The spectral energy distributions of the vocal frequency
traces have been analyzed. Differences have been observed
between the two speaker groups. To emphasize this differ-
ence, a ratio R of the spectral energy of the F0 trace in the
frequency-bands (1-5Hz) and (5-20Hz) has been calculated.

R =
∑

t

∑5Hz
fc=1Hz CWT 2(2πfc, t)∑20Hz
fc=5Hz CWT 2(2πfc, t)

(7)

Fig. 7 shows the spectral energy ratio, as a function of
the average fundamental frequency of the speaker.
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Fig. 5. Fundamental frequency trace, CWT 2 coefficients
(high amplitude of the wavelet coefficients are represented
in black, low amplitudes in white), tremor frequency and
tremor amplitude for a parkinsonian speaker.

5. DISCUSSION

5.1. Fundamental frequency extraction

The comparison of the proposed F0 extraction method with
the event-based method shows that the F0 traces obtained
by both methods are close for normal speech signals. When
comparing both methods, one must indeed take into account
that the event-based method reports vocal jitter (wide-band
perturbations), while the wavelet-based method does not.
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Fig. 6. Fundamental frequency trace, CWT 2 coefficients
(high amplitude of the wavelet coefficients are represented
in black, low amplitudes in white), tremor frequency and
tremor amplitude for a normophonic speaker.

80 100 120 140 160 180 200 220 240
0

5

10

15

20

25

average fondamental frequency (Hz)

en
er

gy
 r

at
io

normophonic
parkinsonian

Fig. 7. Spectral energy ratio as a function of the average
fundamental frequency.

However, in the case of the disordered speech signal (Fig.
4), vocal jitter does not explain all observed differences.
Some discrepancies are due to the lack of robustness of
the event-based method. For event-based methods, the time
series of the cycle lengths are obtained by means of event
markers that are not equidistant. The advantage of wavelet-
based and Hilbert-Transform-based methods is that they en-
able the F0 values to be computed for each time sample, i.e.
at a constant step that agrees with the sampling step of the
speech signal. Further spectral analysis can thus be carried
out directly without intermediate processing. The F0 traces
obtained by the Hilbert-transform and wavelet methods are
quasi-identical. However, the wavelet method has the ad-
vantage that the filter is adapted for each sample. It can
track large variations of the F0 and does not require any
prior estimation of the speakers typical F0. The wavelet-
based method has been tested on disordered speech signals
uttered by parkinsonian speakers. It has been able to track
the perturbed vocal frequencies of these speakers.

5.2. Vocal tremor features

Differences have been shown in the spectral energy distribu-
tions of the fundamental frequency traces for normophonic
and parkinsonian speakers. A ratio of the spectral energies
of the F0 trace in different frequency-bands has been cal-
culated. Together with the average fundamental frequency,
this spectral energy ratio seems to separate both groups.
Further investigations are being made on that topic.

6. CONCLUSION

An analysis method of vocal tremor is proposed. The vo-
cal frequency trace and the vocal tremor features are ob-
tained by means of continuous wavelet transforms. The ap-
plication of this analysis to parkinsonian and normophonic
speakers suggests differences between both groups.
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