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ABSTRACT

Vocal tremor is a low frequency instability of the voice that
causes modulation of its amplitude and fundamental fre-
quency. Among these two, frequency modulation is more
relevant for perception and it has been shown to be present
both in normophonic and dysphonic voices and to happen
in similar frequency bands for both voice types. This pa-
per presents a characterisation of the frequency modulating
signal estimated for normophonic voices in terms of both
its spectral characteristics and its statistical distribution. By
using the discrete Fourier transform for data non-uniformly
spaced in time domain, it is shown that the modulating signal
may be either low-pass or band-pass (i.e. oscillating), though
the low-pass case dominates in the analysed data. As for the
values of the modulating signal, their distribution is shown to
fairly fit a Gaussian distribution with a standard deviation that
significantly depends on the average fundamental frequency.

Index Terms— Acoustic signal analysis, Biomedical
acoustics, Frequency modulation, Speech analysis

1. INTRODUCTION

Vocal tremor may be defined as a low frequency (1 to 15 Hz)
modulation of either the amplitude or the fundamental fre-
quency of the voice signal [1]. While both kinds of modula-
tion (amplitude and frequency) coexist, only frequency mod-
ulation seems to be relevant for perception [2, 3]. Such mod-
ulation is present in voices from both healhty (normophonic)
and dysphonic speakers and it has been measured to happen
in similar (if not the same) frequency bands for both situa-
tions [2, 4, 5]. In fact, as far as tremor is concerned, the dif-
ference between normophonic and dysphonic voices has been
reported to be more in the modulation extent than in the mod-
ulation rate [2, 4].

Regarding the modulation rate or, better, the spectral char-
acteristics of the modulating signal, tremor is frequently as-
sumed to be oscillatory [6, 7], which corresponds to a band-
pass spectrum for the modulating signal. Yet, some results
indicate that tremor may not be oscillatory [3,8] and, as a con-
sequence, the modulating signal may be low-pass. As for the
statistical distribution of the values of the modulating signal,
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Fig. 1. Age distribution of speakers by sex.

to the best of authors’ knowledge, it has not been analysed to
present.

This paper aims at characterising the frequency modu-
lating signal associated to tremor in terms of both its spec-
tral characteristics and the statistical distribution of its values.
Following some previous approaches, the acoustic analysis of
vocal tremor is performed by studying the sequence of pitch
periods or pitch process (e.g. [5, 9]). The analysis procedure
is similar to the one in [5] with some variations. Details are
included in Section 3. One of the most relevant of such varia-
tions is the use of the discrete Fourier transform for data non-
uniformly spaced in time domain; such use is justified by the
nature of the pitch process [9].

2. MATERIALS

341 recordings were chosen among those corresponding
to the phonation of vowel /a/ at normal pitch in the Saar-
bruecken voice database [10]. The choice of recordings
corresponding to the phonation of sustained vowels is justi-
fied by the fact that tremor is better perceived in sustained
phonations than in running text [11]. For all recordings, the
sampling frequency was equal to 50 kHz and the number of
quantization bits was 16.

Recordings were selected according to the criteria of cor-
responding to healthy individuals and having a duration of at
least 1 second, hence allowing a resolution as low as 1 Hz
in spectral domain. Each selected recording corresponded to
one different speaker. Among the 341 speakers, there were
135 males and 206 females. The distribution of ages for each
sex is depicted in Figure 1.
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3. METHODS

All voice recordings were cut before processing in order to
have the same duration for all of them (1 second). The use of
signal durations for vocal tremor analysis in the range from
1 to 2 seconds has been previously reported in the literature
[4, 5, 8]. Voice onsets and offsets were avoided in all cases.

3.1. Estimation of the average pitch period

Average pitch period estimation of the 1-second signals was
based on the autocorrelation function of each voice signal.
Firstly, the 16-bit signal was converted to 2 bits by assigning
the value -1 to negative samples of the original recording and
the value +1 to positive samples. This procedure was used
in [5] and it helps to emphasize the most prominent (i.e. wide)
peaks of the signal waveform [12, p.154]. A biased estimate
of the autocorrelation function was preferred in order to avoid
undesirable peaks at the tails of the function:

𝑟𝑥𝑥 [𝑚] =
1

𝑁

𝑁−1∑
𝑛=𝑚

𝑥b [𝑛]𝑥b [𝑛−𝑚] (1)

where 𝑥b [𝑛] is the binary version of the discrete-time voice
signal 𝑥 [𝑛], 𝑓𝑠 is the sampling rate, 𝑁 is the signal duration
in number of samples and 𝑚

𝑓𝑠
is the time lag.

Once the autocorrelation estimate was available, the po-
sitions of its local maxima 𝑚𝑖 𝑖 ∈ {1, 2 . . .𝑀} were or-
dered by their corresponding autocorrelation values 𝑟𝑥𝑥 [𝑚𝑖]
in descending order. The first value of 𝑚𝑖 was then analysed
so as to check if there existed other maxima in the intervals
2𝑚𝑖 ± 0.1𝑚𝑖 and 3𝑚𝑖 ± 0.1𝑚𝑖. In this event, 𝑇0 = 𝑚𝑖

𝑓𝑠
was

taken to be the average pitch period of the signal. If the con-
dition was not met, then the value of 𝑚𝑖 corresponding to the
next local maximum was checked.

In case a suitable estimate in the range 1
𝑇0

∈ [50, 700]

could not be found, then 𝑥b [𝑛] was split into three non-
overlapping segments with lengths equal to ⌊𝑁

3 ⌋, the proce-
dure was repeated independently for each segment and the
median estimate of 𝑇0 was kept as the average value for the
whole signal.

3.2. Location of the individual pitch periods

The estimated average pitch period was subsequently used
as a reference for the location of the individual pitch peri-
ods within the voice signal 𝑥 [𝑛]. Previously, the signal was
upsampled by repetition of its samples twice, so as to get a
sampling rate equal to 𝑓 ′

𝑠 = 150 kHz. This procedure had the
purpose of improving the time resolution of the pitch length
estimation results [5]. After that, a linear-phase band-pass fil-
ter was applied with cut-off frequencies equal to 300 Hz and
3 kHz. The rationale for low-pass filtering is given in [5].
However, a higher cut-off frequency was preferred in order
to smooth less the most prominent peaks of the signal. The

low frequencies were also attenuated in order to remove ad-
ditive artefacts slower than the voice fundamental frequency
that could pose difficulties in the identification of correspond-
ing peaks in consecutive periods. The resulting filter had the
same pass band as the analogue telephone channel [13]. In-
deed, it has been shown that the signal distortion caused by
the telephone channel has little impact on the capacity to de-
tect tremor [14].

The highest maximum in the 16-bit band-pass signal
𝑥′ [𝑛] was used as a reference point for starting the iterative
identification of pitch periods. Given the position 𝑚𝑀 of that
maximum, a signal frame around it was selected having a
length approximately equal to one fifth of the average pitch
period 𝑁P:

𝑥𝑚𝑀
[𝑛] = 𝑥′ [𝑛−𝑚𝑀 ] , ∣𝑛∣ ≤ 𝑁f , 𝑁f = ⌊0.1𝑁P⌋ (2)

where 𝑁P = ⌊𝑇0𝑓
′
𝑠⌋. Afterwards, a corresponding frame was

selected one period to the left of 𝑚𝑀 and the cross-correlation
between both frames estimated:

𝑟′𝑥𝑥 [𝑞] =

∑min{𝑁f ,−𝑞+𝑁f}
𝑛=max{−𝑁f ,𝑞−𝑁f} 𝑥𝑚𝑀

[𝑛]𝑥𝑚𝑀−𝑁f
[𝑛− 𝑞]

2𝑁f + 1
(3)

If 𝑞𝑀 was the position of the highest peak of 𝑟′𝑥𝑥 [𝑞] for
−2𝑁f ≤ 𝑞 ≤ 2𝑁f , then the position of the peak correspond-
ing to 𝑚𝑀 in the previous pitch period was estimated as
𝑚𝑀 − 𝑁P − 𝑞𝑀 and its corresponding period duration, as
𝜏𝑘 = (𝑁P+𝑞𝑀 )

𝑓 ′
𝑠

. The full sequence of 𝜏𝑘 values for the signal
was obtained by iterative repetition of this procedure first to
the left of 𝑚𝑀 and afterwards to the right. Note that the
resolution of this algorithm in the estimation of 𝜏𝑘 is equal to
1/𝑓 ′

𝑠. With respect to [5], this procedure for the identification
of individual pitch periods was found to be more robust, since
the correlation considers not only the individual values of the
signal at its local maxima, as peak picking algorithms do, but
also a certain environment around them.

3.3. Estimation of the spectrum of the pitch process

The pitch period estimates 𝜏𝑗 were subsequently inverted to
obtain a series of fundamental frequency estimates 𝑓𝑘 = 1

𝜏𝑘
.

The sequence of such estimates can be viewed as a series of
samples of a continuous-time signal 𝑓 (𝑡) = 1

𝑇0
+ 𝜃 (𝑡) taken

at non-equispaced time instants 𝑡𝑘 =
∑𝑘

𝑙=1 𝜏𝑙. The spectrum
of the modulating signal 𝜃 (𝑡) was thus estimated by mak-
ing use of the non-equispaced discrete-time Fourier transform
(derived from [15]):

Θ(𝜔) =

𝐾∑
𝑘=1

(
𝑓𝑘 − 1

𝑇0

)
e−𝑗𝜔𝑡𝑘 (4)

where 𝐾 is the number of pitch periods in 𝑥 [𝑛].
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Fig. 2. Estimated pitch periods (up) and corresponding funda-
mental frequencies and low-pass modulating signal (down).
It can be noticed that pitch periods at the left of the graph are
longer than at the right.

A non-equispaced or non-uniform discrete Fourier trans-
form (NDFT) was obtained by sampling Θ(𝜔) at regu-
larly spaced angular frequencies 𝜔𝑎 = 2𝜋𝑎

𝐾𝜏 , where 𝑎 ∈
{0, 1 . . .𝐾 − 1} and 𝜏 = 𝜏𝐾

𝐾−1 :

Θ(𝜔𝑎) =

𝐾∑
𝑘=1

(
𝑓𝑘 − 1

𝑇0

)
e−𝑗2𝜋 𝑎

𝐾

𝑡𝑘
𝜏 (5)

Last, the spectral components were estimated by squaring
the modulus of Θ(𝜔𝑎) and the final spectrum estimate was
obtained by smoothing ∣Θ(𝜔𝑎)∣2 using a Hamming window
with length equivalent to 20 Hz.

3.4. Identification of the relevant spectral components

Once an estimate of the spectral components Θ(𝜔𝑎) of the
zero-average frequency modulating signal 𝜃 (𝑡) was available,
the relevance of each of them was assessed by using the non-
parametric method described in [5]. Such method involved
random reordering of the sequence 𝑓𝑘, spectrum estimation
for the reordered sequence, and discarding all the components
𝜔𝑎 whose corresponding estimated power density ∣Θ(𝜔𝑎)∣2
after smoothing was lower for the original sequence than for
the shuffled one. By repeating the process a sufficient num-
ber of times (250 in this experiment), only the relevant com-
ponents of the pitch process spectrum were kept. Among
them, those belonging to the interval between 1 and 25 Hz
(1 ≤ 𝜔𝑎

2𝜋 ≤ 25) were selected as being associated to vocal
tremor.
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Fig. 3. Relevant components of the spectrum of the modu-
lating signal 𝜃 (𝑡), estimated using the NDFT (right) and the
standard DFT (left).

4. RESULTS

For illustration purposes, Figure 2 (top) shows the result
of applying the pitch identification procedure to a sample
voice signal. The corresponding pitch frequencies and the
frequency modulating signal obtained by computation of the
inverse NDFT of the spectral components associated to vo-
cal tremor (low-pass modulating signal) are depicted at the
bottom graph of the figure.

4.1. Spectral characteristics of the modulating signal

Figure 3 shows the estimated spectrum for the modulating
signal 𝜃 (𝑡) corresponding to each of the 341 voice record-
ings available. The spectrum estimates obtained using the
NDFT are plot on the right graph while spectrum estimates
obtained using the standard DFT have been plot on the left
for the sake of comparison. It can be noticed that the assump-
tion of uniform sampling of 𝜃 (𝑡), implicit in the estimation
using the standard DFT, produces a spectrum estimate shifted
to the right of the frequency axis. This implies that the re-
sultant spectrum for most of the cases is band-pass, while the
spectrum estimates obtained via the NDFT are low-pass for
the majority of signals.

The difference between both sets of results may be fur-
ther appreciated in Figure 4, where the average modulation
frequency calculated for each voice recording has been plot-
ted as a function of the peak modulation frequency. The peak
modulation frequencies were obtained by simply detecting
the maxima in Figure 3, while the average modulation fre-
quencies were calculated as:

𝑓mod =

∑
𝑎∈𝐴𝑟

𝜔𝑎

2𝜋 ∣Θ(𝜔𝑎)∣2∑
𝑎∈𝐴𝑟

∣Θ(𝜔𝑎)∣2
(6)
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Fig. 4. Scatter plot of average modulation frequency vs peak
modulation frequency, estimated using the NDFT (right) and
the standard DFT (left).

where 𝐴𝑟 is the subset of {0, 1 . . . 𝐾 − 1} corresponding to
relevant frequencies between 1 and 25 Hz.

By examining Figure 4 (right), it can be noticed that the
modulating signals can be classified as belonging to two dis-
tinct groups: those having the highest spectral peak at low fre-
quencies, independently of their average frequency, and those
for which their average frequency approximately is a growing
function of the frequency of the highest spectral peak. The
first group corresponds to low-pass modulating signals while
the second one corresponds to band-pass modulating signals.
Such difference does not exist when the spectrum is estimated
using the standard DFT (Figure 4 (left)).

4.2. Distribution of modulation extents

After identification of the relevant spectral components be-
tween 1 and 25 Hz, the low-pass modulating signal 𝜃LP (𝑡)
was estimated by calculating the inverse NDFT of Θ(𝜔𝑎) for
𝑎 ∈ 𝐴𝑟. From 𝜃LP (𝑡), the relative modulation extent for each
voice signal was measured as:

Δ𝑓mod = (max {𝜃LP (𝑡)} −min {𝜃LP (𝑡)}) ⋅ 𝑇0 (7)

Figure 5 shows the experimental cumulative distributions of
Θ(𝜔𝑎) when signals are grouped by speakers’ sex (left) and
by fundamental frequency (right). Overall, the modulation
extent is less than 11% for 99% of cases. However, the dis-
tributions of modulation extents for male and female speak-
ers are significantly different (𝑝 < 0.001 for a Wilcoxon test
of the mean [17]). Such significant difference also happens
when discriminating voices by fundamental frequency (Fig-
ure 5 (right)).
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Fig. 5. Cumulative distribution functions (CDF) of measured
modulation extents. In the left graph, signals are separated
into two classes according to speakers’ sex (male or female).
The thick blak line indicates the overall CDF. Dashed lines in-
dicate the 95% confidence interval for each CDF. In the right
graph, signals are separated according to their average funda-
mental frequency (high or low). The threshold between both
groups was calculated according to Otsu’s criterion [16].

4.3. Distribution of fundamental frequencies

Figure 6 (left) shows the probability plot of the normalised
values of 𝜃LP (𝑡) for all voice signals. These values have
been obtained by normalising each modulating signal inde-
pendently:

𝜃LP (𝑡) =
𝜃LP (𝑡)− E {𝜃LP (𝑡)}

𝜎𝜃
(8)

being 𝜎𝜃 the standard deviation of 𝜃LP (𝑡). The probabil-
ity plot indicates a reasonably good fit between the normal
(i.e. Gaussian) distribution and the normalised distribution of
𝜃LP (𝑡). The experimental CDF of 𝜎𝜃 ⋅ 𝑇0 is plotted in Figure
6 (right). Values below 2.4% have been measured for 99% of
cases, although high-pitched voices have values significantly
lower than low-pitched voices.

5. CONCLUSIONS

The spectral and statistical characteristics of vocal tremor in
normophonic voices have been analysed. Specifically, the fre-
quency modulation present in 341 phonations of vowel /a/ at
normal pitch has been studied.

For the processed dataset, the average modulation fre-
quencies range from 1 to 10 Hz (Figure 4). When evaluating
the shape of the spectrum of the modulating signals, it has
been shown that using the standard DFT may lead to erro-
neous conclusions since the nature of the pitch process is that
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Fig. 6. Probability plot of the normalised aggregate distribu-
tion of 𝜃LP (𝑡) (left). CDF of measured relative standard de-
viations of 𝜃LP (𝑡) (right).

of a non-uniformly sampled discrete signal. The use of the
NDFT for characterising the modulating signals leads to the
conclusion that these mostly are low-pass though band-pass
modulations were also found.

As for the modulation extents, 99% of the analysed voices
have values below 11% relative to their average fundamental
frequency (Figure 5). Yet, a significant difference exists be-
tween male and female speakers. Such a difference is likely to
be related to the average fundamental frequency: low-pitched
voices tend to experience modulations with higher relative
extents than high-pitched voices. The relation between fun-
damental frequency and tremor had also been detected by
Dromey et al. [8], but they focused on variations for the
same speaker and herein inter-speaker differences have been
detected (speakers with lower pitch frequency tend to have
higher tremor extents than speakers with higher pitch fre-
quency).

Last, it has been shown that the distribution of fundamen-
tal frequencies associated to pitch processes can be modelled
by normal (Gaussian) random variables (Figure 6) with nor-
malised standard deviations that in 99% of cases have values
below 2.4% of the fundamental frequency. For high-pitched
voices ( 1

𝑇0
> 174 Hz), this threshold is even lower (1.6%).
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