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to noise ratios(SNR). In this paper, we extend the function
used in [6] and investigate the performance against a
periodical noise like car noise as well as white noise.
In this paper, the fundamental frequency extraction
method commonly uses an exponentiated band-limited
amplitude spectrum of speech. However we adjust the
exponent and bandwidth of the amplitude spectrum,
according to male and female differences, characteristics of
noise and noise amount unlike in [6].
The remainder of this paper is organized as follows.
Section II describes the principle of the present method. In
Section III, we show some experimental results. Finally, we
conclude this paper in Section IV.

Abstract—In this paper, we implement the fundamental
frequency extraction by using an exponentiated band-limited
amplitude spectrum of speech. The exponent and bandwidth
are adjusted according to male and female differences,
characteristics of noise and noise amount. Basis function of the
fundamental frequency extraction is calculated by inverse
Fourier transform of an exponentiated amplitude spectrum. It
is shown that this function invokes a performance robust
against the white and car noise. Experimental results show that
this method provides better performance than the conventional
method at a wide range of signal-to noise ratios.
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II. PRINCIPLE

I. INTRODUCTION
All The fundamental frequency extraction is an important
task in many speech processing systems [1][2]. Therefore,
extracting the fundamental frequency of a speech signal is
essential for research in speech processing and many
methods have been proposed [1]-[6]. However, a
performance improvement in noisy environments is still
desired.
Correlation based processing is known to be
comparatively robust against random noise. The
autocorrelation function (ACF)[4] method is classified into
this category, and behaves robustly in noisy
environments[1]. However, the ACF has the property of
being sensitive to the formant characteristic of vocal tract.
On the other hand, there is the cepstrum (CEP)[5] method,
which is known as a fundamental frequency extraction
method to provide a comparatively insensitive performance
to the formant characteristics. The CEP method is, however,
sensitive to noise. For this reason, the performance of the
CEP method degrades in noisy environments.
The main difference between the ACF and CEP is how to
use the spectrum. The ACF is calculated by inverse Fourier
transform of a squared amplitude spectrum (power spectrum)
of speech, while the CEP uses a logarithmic amplitude
spectrum (log spectrum) of speech. If it is noted the fact that
the power spectrum is an expanded spectrum and the log
spectrum is a compressed spectrum, then it is expected to
improve the performance by using both the expansion and
compression of spectrum properly. The method derived in
[6] is based on this idea, which provides a robust
performance in white noise covering a wide range of signalManuscript received June 12, 2012; revised July 22, 2012.
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A. Band-Limitation
The speech signal is known to have attenuation
characteristics from low to high frequency regions, which is
typically -6 dB/octave. On the other hand, the energy of
white noise is constant in all frequency regions. Therefore,
in white noise environments, the speech power is less than
the noise power in high frequency region when the SNR of
input speech is comparatively low. To avoid this problem,
we set out to use a band-limitation operation on the
amplitude spectrum of speech in low SNR conditions. In
this case, the band used in this work is mainly the low
frequency one. However, in high SNR conditions, the
speech power is almost beyond the noise power regardless
to the frequency regions. Thus, if we use the band similar to
the case in the low SNR conditions, the performance of
fundamental frequency extraction would degrade because of
lack of speech information. Therefore, we have to adjust a
suitable band according to the additive noise level included
in the noisy speech signal.
On the other hand, car noise conditions are different. A
narrow band at a low frequency region is emphasized due to
the existence of a car noise. Therefore, the fundamental
frequency extraction is unaffected by such a noise in high
frequency region. Thus, in car noise environments, we need
to implement the fundamental frequency extraction without
band-limitation, unlike in white noise environments.
B. Exponentiated Amplitude Spectrum
The ACF method is useful in noisy environments. The
ACF calculated by inverse Fourier transform of a power
spectrum is a class of the p-th power amplitude spectrum.
When the exponent is set to p = 2, it reduces to the ACF.
On the other hand, the CEP method is useful in noiseless
environments. The CEP is calculated by inverse Fourier
transform of a log spectrum, which also belongs to a class of
the generalized function calculated by inverse Fourier
transform of the p-th power amplitude spectrum.
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preprocessing, the true period peaks in the ACF are
emphasized and the performance of the ACF method is
improved. However, when few harmonics are present in the
speech spectrum or in a noisy environment, the process of
implementing the inverse filter itself may lead to erroneous
results[2]. Therefore, in this paper, the ACF is calculated
without this preprocessing as

R (τ ) = IDFT( | X ( f ) | 2 )

(1)

where |X( f )| is the amplitude spectrum of the speech signal
and IDFT denotes inverse Fourier transform. The region for
searching the peak of fundamental period is set to be from
50 Hz to 400 Hz, which corresponds to the region of the
fundamental frequencies most men and women have.
In this paper, the function for the fundamental frequency
extraction by using p-th power amplitude spectrum with
band-limitation is calculated by

Fig. 1. True fundamental period and waveforms calculated by inverse
Fourier transform of spectra in white noise

Fig. 1 shows waveforms calculated by inverse Fourier
transform of p-th power amplitude spectra of a voiced frame
of speech in a severe white noise environment where the
dotted line indicates the true fundamental period. Figure 2
shows the one similar to Fig.1 in a severe car noise
environment. Figure 3 shows waveforms calculated by
inverse Fourier transform of p-th power amplitude spectra of
another voiced frame of speech in a severe white noise
environment where again the dotted line indicates the true
fundamental period.
In Fig.1, (b) is better than (c) and (d). Fig. 1 (b) is a
waveform calculated by inverse Fourier transform of 2-nd
power spectrum which is recognized as an expanded
spectrum. The difference between speech spectrum and
noise spectrum is expanded relatively in a severe white
noise environment as the exponent p increases. This is the
reason why we can achieve the noise reduction by using
larger p-th power amplitude spectra directly for fundamental
frequency extraction, as shown in Fig.3. However, as the
exponent p increases, the influences of the formant
characteristics of vocal tract also increase. As a result, some
formant peaks are emphasized, and this makes fundamental
frequency extraction difficult. Therefore, it does not mean
that it is good to increase the exponent p in a severe noise
environment as well. And in a noiseless or almost noiseless
condition, it is good to use smaller p-th power amplitude
spectra. From these, it is expected that the performance of
fundamental frequency extraction is improved by adjusting
the suitable exponent p according to the additive noise level.
On the other hand, in car noise environments, in Fig.2, (c)
and (d) are better than (b). In Fig.2, (c) and (d) are
waveforms calculated by inverse Fourier transform of 1/2-th
power and log spectra which are recognized as compressed
spectra. The characteristics of car noise spectrum are similar
to the formant characteristics of vocal tract. And, the CEP
method is comparatively insensitive to the formant
characteristic. Therefore, the fundamental frequency
extraction against car noise should be implemented based on
compressed spectrum. Thus, we implement the fundamental
frequency extraction by using 1/p-th power amplitude
spectrum in car noise environments.

p
Rband
(τ ) = IDFT( | X band ( f ) | p )

(2)

where |Xband ( f )| means the band-limited amplitude
spectrum of the speech signal.

Fig. 2. True fundamental period and waveforms calculated by inverse
Fourier transform of spectra in car noise

Fig. 3. True fundamental period and waveforms calculated by inverse
Fourier transform of spectra in white noise

In advance, we need determine the exponent p and the
bandwidth in order to calculate the above-mentioned
p
function Rband
(τ ) . The exponent p and the bandwidth
should be adjusted according to the white noise level
included in the speech signal.
In a car noise case, the fundamental frequency should be
extracted by using 1/p-th power amplitude spectrum directly
without band-limitation. Thus, the function is calculated by
In this paper, the function for the fundamental frequency
extraction by using p-th power amplitude spectrum directly
with band-limitation is calculated by

C. Function for Fundamental Frequency Extraction
In order to improve the performance of the ACF method,
the use of auto-regressive inverse filtering has been
suggested to flatten the speech spectrum. By this

p
Rband
(τ ) = IDFT( | X band ( f ) |1 / p )
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(3)
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according to the car noise level.
In experiments in Section III, we implement the
fundamental frequency extraction by calculating the
p
function Rband
(τ ) . To do this, we use a relationship between
the exponent p and SNR and that between the bandwidth
and SNR. By a preliminary test in Section III, these are
found at first. In utilizing these relationships, we need
estimate the SNR of every voiced frame for the purpose of
determining the exponent p and bandwidth. The voiced SNR
of every frame is calculated by
SNR (λ ) = 10log10 ∑

Pspeech (λ , f )

∑P

noise

(λ , f )

(a) male case

(4)

where λ is the frame number, and Pspeech(λ,f) and Pnoise (λ,f)
are the speech and noise power spectra. In this way, we
determine the suitable exponent p and bandwidth at a
specified SNR.
(b) female case
Fig. 4. Relation between the exponent p and SNR in white noise

III. EXPERIMENTS
A. Experimental Details
Speech data in the experiments were taken from “20
Countries
Language
Database
(NTT
Advanced
Technology).” We used the speech data uttered by four male
and four female speakers. Each of the speech data consisted
of about 10s Japanese sentences, which were sampled by a
rate of 10 kHz with band-limitation of 3.4 kHz. The
experiments were conducted by adding white Gaussian or
car noise to the speech data. The other details in the
experiments are as follows:
• window : Hamming window,
• window size : 51.2 ms,
• frame shift : 10 ms.
Each SNR of the noisy speech used in experiments was 5 dB, 0 dB, 5 dB, 10 dB. Only in the white noise case,
experimental results were averaged for 10 independent trials
on each speech data.

Fig. 5. Relation between the exponent p and SNR in car noise

Fig. 4 shows the result in white noise environments. In
Fig.4, (a) and (b) show male and female cases. This is
because male and female characteristics are different. Figure
5 shows the result of all speakers in car noise environments.
This is because male and female characteristics are similar
in car noise environments. In Fig.4 and 5, dark color parts
mean the best performance at a specified SNR. We draw a
line which goes through the dark color parts. This line
indicates the relation between the exponent p and SNR,
which is expressed by the following equation;
• in the white noise case
-for male case

B. Evaluation Method
The following was used for the evaluation of fundamental
frequency extraction accuracy;

e(n) = Ftrue (n) − Fˆ (n)

3
⎧ 1
⎪− ∗ SNR + , SNR < 5 dB
p (SNR ) = ⎨ 10
2
⎪⎩1,
otherwise

(5)

- for female case

where Ftrue(n) is the true fundamental frequency, Fˆ (n) is
the extracted fundamental frequency, and thus e(n) is the
extraction error for the n-th frame.
If |e(n)| ≧ 10 Hz, we recognized the extraction error rate
as gross pitch error(GPE).
By inspection of clean speech waveforms in the time
domain, the true fundamental period was obtained, and then
Ftrue(n) was calculated as its inverse.

⎧ 1
⎪− ∗ SNR + 3, SNR < 5 dB
p (SNR ) = ⎨ 5
⎪⎩2,
otherwise

•

in the car noise case
27
⎧ 1
⎪− 8 ∗ SNR + 8 , SNR < 15 dB
p (SNR ) = ⎨
3
⎪ ,
otherwise
⎩2

C. Preliminary Test
At first, in order to determine the relation between the
exponent p and SNR, we implemented the fundamental
frequency extraction by shifting the exponent p at a
specified SNR and calculated GPE.

Secondly, we need determine the relation between the
bandwidth and SNR in white noise environments. In a way
similar to the above test, we implemented the fundamental
frequency extraction
by shifting the bandwidth at a
509
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specified SNR and calculated GPE. The minimum band
considered in this work for the fundamental frequency is 50
Hz - 400 Hz. The maximum one is 50 Hz - 3600 Hz. The
speech data are band-limited in an increment of 400 Hz.
Figure 6 shows the result. In this test, the result is
averaged for male and female speakers, because male and
female characteristics have similar tendencies. Using Fig.6,
we determine the bandwidth at a specified SNR by
searching the best performance at each SNR. It is given as;
⎧from 50 Hz to 800 Hz, SNR < 2 dB
⎪
⎨from 50 Hz to 1200 Hz, 2 dB ≤ SNR < 10.5 dB
⎪⎩from 50 Hz to 3200 Hz, 10.5 dB ≤ SNR

is good at high SNR (see Lim(non)+Exp(fixed) and
Lim(non)+Exp(variable)). And, combining the bandlimitation and exponentiated amplitude spectrum improves
the performance at a wide range of SNRs (see
Lim(fixed)+Exp(fixed), Lim(variable)+Exp(variable) and
Lim(fixed)+Exp(variable)).
From Fig.7(b), Exp(fixed) and Exp(variable) show a
good performance while there is little difference compared
with the CEP method. At low SNRs, it is observable that
Exp(fixed) and Exp(variable) provides significant
improvement relative to the ACF method. Exp(variable) is
good at a wide range of SNRs.

A. Performance Comparison

(a) White noise case

Fig. 6. Relation between the bandwidth and SNR

To investigate the accuracy of the fundamental frequency
extraction, we conducted experiments. The ACF method is
compared with seven methods to shift the exponent p and
bandwidth as follows;
• the exponent is constant(p=2) and bandwidth is
“fixed”(Lim(fixed)+Exp(const)).
•
the exponent is constant(p=2) and bandwidth is
“variable”(Lim(variable)+Exp(const)).
•
the exponent is “fixed” and without bandlimitation(Lim(non)+Exp(fixed)).
•
the exponent is “variable” and without bandlimitation(Lim(non)+Exp(variable)).
•
the exponent is ``fixed'' and bandwidth is
“fixed”(Lim(fixed)+Exp(fixed)).
•
the exponent is ``variable'' and bandwidth is
“variable”(Lim(variable)+Exp(variable)).
• the exponent is “fixed” and bandwidth is
``variable''(Lim(fixed)+Exp(variable)).

(b) Car noise case
Fig. 7. Results in GPE

IV. CONCLUSION
In this paper, we have investigated the accuracy of the
fundamental frequency extraction by using an exponentiated
band-limited amplitude spectrum of speech. Experimental
results have shown that the fundamental frequency
extraction, which adjusts exponent and bandwidth of the
amplitude spectrum according to male and female
differences, characteristics of additive noise and noise
amount, provides a superior performance at a wide range of
SNRs in both of white and car noise environments.

where “fixed” indicates adjusting to the value which
corresponds to the SNR of noisy speech in advance, and
“variable” indicates shifting to the value which corresponds
to the SNR calculated by (4) at every frame.
In the car noise case, we conducted experiments where
four methods are compared. The two are the ACF and CEP
methods, and the others are the methods to shift the
exponent p as follows;
• the exponent is “fixed” (Exp(fixed)).
•
the exponent is “variable” (Exp(variable)).
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