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Complex-Domain Pitch Estimation Algorithm for
Narrowband Speech Signals

Yuya Hosoda ¥, Member, IEEE, Arata Kawamura

Abstract—We propose a complex-domain pitch estimation al-
gorithm for narrowband speech signals, which utilizes a complex
spectrum containing both amplitude and phase spectrum infor-
mation. Traditional frequency-domain pitch estimation algorithms
assume that a speech signal has a harmonic structure; they estimate
a pitch by calculating the distance between the adjacent peaks of the
amplitude spectrum corresponding to harmonics. However, only a
few peaks can be detected from narrowband speech signals because
of their limited bandwidth, resulting in pitch estimation errors.
In this article, phase differences between harmonics are utilized
as an additional cue for pitch estimation. The phase difference
between harmonics refers to the two-step phase difference between
successive analysis frames and between the lowest-order harmonic
and other harmonics, which is theoretically derived using the pitch.
When the phase spectrum for the higher-order harmonic is shifted
by the theoretical value, it agrees with the phase spectrum for the
lowest-order harmonic. Therefore, for each pitch candidate, the
proposed method calculates the shifted phase spectra and combines
them with the amplitude spectrum to generate complex spectra.
When a pitch candidate is correct, the cumulative sum of the
complex spectra is added in the same direction, which emphasizes
harmonics even for narrowband speech signals. Results of the
objective evaluation show that the proposed method accurately
estimates the pitch from narrowband speech signals.

Index Terms—Narrowband speech signal, phase difference,
pitch estimation, sinusoidal model.

1. INTRODUCTION

N A public switched telephone network, speech signals are
I encoded using speech coding techniques to enable commu-
nication with low latency. Narrowband speech coding tech-
niques such as G.711 [1] and Adaptive Multi-Rate [2] limit
the bandwidth of the decoded speech signal to a narrowband
of 300-3400 Hz, whereas wideband speech coding techniques
such as Enhanced Voice Services [3] limit it to a wideband of 50—
14400 Hz. When understanding unknown words or names, band-
width limitation reduces speech intelligibility on the phones,

Manuscript received 2 January 2022; revised 20 October 2022 and 13 May
2023; accepted 15 May 2023. Date of publication 22 May 2023; date of current
version 26 May 2023. This work was supported by the Ono Charitable Trust for
Acoustics. The associate editor coordinating the review of this manuscript and
approving it for publication was Prof. Hema A Murthy. (Corresponding author:
Yuya Hosoda.)

Yuya Hosoda is with the Center for IT-based Education, Toyohashi University
of Technology, Aichi 441-8122, Japan (e-mail: hosoda.yuya.ho@tut.jp).

Arata Kawamura is with the School of Faculty of Information Science
and Engineering, Kyoto Sangyo University, Kyoto 603-8555, Japan (e-mail:
kawamura@cc.kyoto-su.ac.jp).

Youji liguni is with the Graduate School of Engineering Science, Osaka
University, Osaka 560-0043, Japan (e-mail: iiguni @sys.es.osaka-u.ac.jp).

Digital Object Identifier 10.1109/TASLP.2023.3278488

, Member, IEEE, and Youji liguni, Member, IEEE

such as unvoiced or plosive utterances [4]. Consequently, nar-
rowband speech provides poorer speech intelligibility of syl-
lables than wideband speech. Old public switched telephone
networks, where system renovation is not practical because
of the effort and cost required, may only support narrowband
speech coding techniques [5].

Artificial bandwidth extension (ABE) is a speech enhance-
ment approach for narrowband speech signals, which recon-
structs the missing lower spectrum (0-300 Hz) and upper spec-
trum (3400-7000 Hz) using the existing narrowband spectrum
of 300-3400 Hz [6], [7], [8], [9], [10], [11], [12]. Because of the
missing lower-order harmonics, the narrowband speech signal
has a partial harmonic structure. ABE for the missing lower
spectrum reconstructs the harmonic structure by generating mul-
tiple sinusoidal waves corresponding to the missing lower-order
harmonics; this is referred to as sinusoidal synthesis [10], [11],
[12]. A fundamental frequency (or pitch) is critical for sinu-
soidal synthesis to accurately reconstruct the harmonic structure.
Whereas a fundamental frequency is a physical property of the
speech signal, corresponding to the lowest-order harmonics, a
pitch is the perceived property corresponding to the relative
highness of the harmonic. In speech signal processing, funda-
mental frequency and pitch are considered to have the same
meaning. In this article, the term ‘pitch’ is used. For narrowband
speech coding techniques [1], a pitch must be estimated from
the narrowband speech signal. Because artifacts such as human
voices and car sounds may be mixed in the narrowband speech
signal, pitch estimation algorithms should be robust to noise.

Researchers have worked on pitch estimation for a long
time [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [271, [28], [29], [30], [31], [32], [33], [34].
Because speech signals have pseudo-periodicity with a short
frame length, time-domain pitch estimation algorithms estimate
a pitch using an autocorrelation function [13], [14], [15], [16].
ABE for the missing lower spectrum has adopted time-domain
pitch estimation algorithms because of their low computational
complexity [11], [12]. In addition, pitch estimation errors can be
prevented by postprocessing, using pitch state transition tracks
based on hidden Markov models [15] or the Ornstein—Uhlenbeck
process [16]. However, time-domain pitch estimation algorithms
may suffer from pitch estimation errors in noisy environments.
Kim et al. employed a deep convolutional neural network to
estimate the pitch, which directly operates on the time-domain
signal [17]. Segal et al. introduced a pitch estimation algorithm
that deployed an encoder and multiple decoders to represent sig-
nal processing filterbanks [18]. Although their robustness can be
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enhanced by training predictive models from speech signals with
noise, their applications are limited because retraining predictive
models that is required for handling different sampling rates or
frame lengths is time-consuming.

Parametric pitch estimation algorithms estimate a pitch using
a harmonic model without training predictive models [19], [20],
[21], [22], [23]. The harmonic model represents the speech
signal as the sum of sinusoidal waves, with a harmonic structure,
and noise. Most appropriate model parameters are calculated
using nonlinear least squares (NLS) [19], [20]. In addition, a
pitch tracking method that considers the temporal smoothness
of the model parameters can reduce the pitch estimation error
in noisy environments [21], [22]. However, because parametric
pitch estimation algorithms have focused on speech signals with
a harmonic structure, they have difficulty accurately estimating
the model parameters from narrowband speech signals with a
partial harmonic structure. A parametric pitch estimation algo-
rithm for speech signals with a partial harmonic structure has
also been devised [23], but iterative updates are required to
estimate the model parameters. The calculation time must be
reduced as much as possible because public switched telephone
networks require real-time processing.

Frequency-domain pitch estimation algorithms estimate a
pitch from the amplitude spectrum using the harmonic sum-
mation algorithm with a short processing time [24], [25], [26],
[27], [28]. Since harmonics correspond to peaks on the am-
plitude spectrum, a pitch is defined as the distance between
adjacent peaks. The harmonic summation algorithm calculates
the distance using the cuamulative sum of the amplitude spectra in
frequency indices corresponding to harmonics [24], [25], [26].
The summation of residual harmonics (SRH) algorithm [25]
suppresses the effects of vocal tract resonances and noise using
the flat amplitude spectrum of the excitation signal. In addition,
the pitch estimation error can be reduced using the Viterbi
algorithm that considers the pitch transition from past analysis
frames [27], [28]. However, only a few peaks can be detected
from narrowband speech signals due to their limited bandwidth,
and therefore overtones or subharmonics may be obtained; these
are called ‘octave error.” Octave errors are an inherent problem of
pitch estimation algorithms, even for wideband speech signals,
and they are observed especially in narrowband speech signals
with missing lower harmonics. Thus, it is difficult to estimate the
pitch from narrowband speech signals using only the amplitude
spectrum.

We have focused on the phase spectrum as another cue for
pitch estimation for narrowband speech signals. The phase
spectrum has not received as much attention in speech sig-
nal processing as the amplitude spectrum. Recently, it has
been reported that the phase spectrum is also closely related
to harmonic structure, using the short-time Fourier transform
(STFT) representation [35]. Phase-aware speech enhancement
methods have been devised based on models that separate the
phase spectrum into linear and unwrapped phases [36], [37] and
approximate a speech signal using the sum of sinusoidal waves
with a harmonic structure [43], [44]. Pitch estimation algorithms
using the phase spectrum have also been devised, which utilize
the phase difference between successive analysis frames [29],
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[30] and group delay [30], [31], [32], [33]. Note that harmonics
are the key to pitch estimation, as known in frequency-domain
pitch estimation algorithms. Our previous study [34] utilized
the phase difference between harmonics, which is defined as the
two-step phase difference between successive analysis frames
and between the lowest-order harmonic and other harmonics.
While group delay, which is useful for speech signal process-
ing, differentiates the phase spectrum for frequency, the phase
difference between harmonics focuses only on harmonics and
is theoretically derived using the pitch. By checking whether
the phase differences between harmonics agree with the theo-
retical value in each pitch candidate, the pitch can be obtained
even when only a few peaks can be detected on the amplitude
spectrum. However, the phase spectrum may rapidly fluctuate at
the beginning and end of voiced active frames or deteriorate in
severely noisy environments, resulting in pitch estimation errors.

In this article, we propose a complex-domain pitch estimation
algorithm for narrowband speech signals. The word “complex-
domain” denotes a complex-valued mathematical representation
such as a complex spectrum containing both amplitude and phase
spectrum information, which is utilized in other studies [38],
[39] The proposed method is inspired by the idea that the
amplitude spectrum can be interpreted as the complex spectrum
with the phase spectrum all zeros. That is, frequency-domain
pitch estimation algorithms using the amplitude spectrum, which
stably work even at the beginning and end of voiced active
frames in noisy environments, have degrees of freedom for the
phase spectrum. The proposed method thus introduces phase
differences between harmonics as an additional cue for pitch
estimation. Our previous study showed that the phase difference
between harmonics could be derived using the pitch [34]. When
the phase spectrum for the higher-order harmonic is shifted by
the theoretical value, it agrees with the phase spectrum for the
lowest-order harmonic. Therefore, for each pitch candidate, the
proposed method calculates the shifted phase spectra and com-
bines them with the amplitude spectrum to generate complex
spectra. When a pitch candidate is correct, the cumulative sum of
the complex spectra is added in the same direction, emphasizing
harmonics even for narrowband speech signals. Finally, a pitch
is obtained using the Viterbi algorithm with the cumulative sum.
The proposed method can be applied to wideband speech signals
as well as narrowband speech signals. The pitch estimation
using both the amplitude and phase spectra is more effective
for narrowband speech signals with poor pitch estimation cues.

The proposed method is related to several works [40], [41],
[42]. Das et al. developed a complex-domain pitch estimation
algorithm using the extended complex Kalman filter, which re-
quires prior knowledge of the type of signal [40], [41]. Drugman
et al. estimated the spectral boundary separating periodic and
aperiodic components derived from amplitude and phase spectra
because the phase spectrum conveys relevant information about
harmonics [42]. Contributions of this work are summarized as
follows:

® We propose a complex-domain pitch estimation algorithm
using amplitude and phase spectra without prior knowledge.

® Experimental results show that the proposed method is suitable
for narrowband speech signals, not depending on gender, and
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suppresses pitch estimation errors even in noisy environments
at 0 dB.

®  We discuss that the computation complexity of the proposed
method is comparable to that of the online pitch estimation
algorithm.

II. RELATIONSHIP BETWEEN THE PHASE SPECTRUM AND
HARMONICS

This section discusses the relationship between the phase
spectrum and harmonics using the STFT representation. In this
article, the same STFT representation as phase estimation meth-
ods using a sinusoidal model [43], [44] is used. The sinusoidal
model assumes that a speech signal can be represented as the sum
of sinusoidal waves with a harmonic structure. Let n denote a
sample index. Here, a speech signal using the sinusoidal model
is denoted as

H-1
s(n) = Z 2 A" (n) cos (Wﬂ + Qh> , (D
h=0 s

where H is the number of harmonics, 2 A" (n) is a real-valued
amplitude, f(n) is a pitch, F} is the sampling rate, and Q" is the
initial phase. With a frequency index k, the STFT representation
at the /th frame is defined as
N-1
Si(k) =Y s(IM + nyw(n)e 75", @)
n=0
where N is the number of samples to be analyzed, M is the
hop size, and w(n) is the analysis window. Pitch and amplitude
may only sometimes be stable, particularly in the case of female
speech signals toward the end of a word or phrase. Nonethe-
less, the speech signal can be considered quasi-stationary in a
short-time analysis frame, such as between 30 and 80 ms, where
the amplitude and pitch are nearly constant [26], [27]. In this
work, we set the analysis frame at 40 ms; thus, the assumption is
valid such that A*(IM) ~ .- ~ A"(IM + N — 1) = A and

fUIM)~---~ f(IM + N — 1) = f;. By substituting (1) into
(2), we have
N-1 H-1
Sy (k) = Z w(n) Z Al (ew?(lM+n)
n=0 h=0
+e’j“"7(lM+”)> o I, 3)
where
2m - h -
ol (n) = Tﬁn + Q" 4

The STFT representation analyzes a signal using band-pass
filters with NV frequency bands, which are determined by the
analysis window. As seen in (3), the output of each band-pass
filter contains the analysis results of H harmonic components.
It is assumed that the frequency resolution of the STFT rep-
resentation is sufficiently high, and only a single harmonic is
present in a given frequency index. Here, frequency index can
only handle integer values, while harmonics include non-integer
values. By following the traditional methods [43], [44], the
nearest frequency index to the hth (h =1, ..., H) harmonic is
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selected as follows:
k' = arg min |&" — k|, 3)

k
where
h-fi
h

= N. 6
Ky i (6)

In addition, it is assumed that the sideband attenuation of the
band-pass filters is sufficiently large such that spectrum leakage
can be neglected. With these assumptions, the STFT represen-
tation for the harmonic (3) is reduced to

N-1 W _27rklh
Sy (k) =~ Z w(n) - Apel?r IM+n) o= =

n=0

27 427r(klh—~h)

N-1
. -h-fy I
:A?e]( Fs ZM+QL) E w(n)e_34 —n
n=0

27-hf)]

*Ahej( yas IMA+QM
— Y

w (k' — K1), @)

where TV (k) denotes the discrete Fourier transform representa-
tion of the analysis window. By letting ¢V (k) denote the phase
spectrum of W (k), the phase spectrum is given as follows:

27T-h-fl
F,

The phase spectrum for the harmonic shifts over time, including
the initial phase and the window function. Let us focus on the
phase difference between successive frames. Because a pitch
slowly changes on voiced active frames, it can be approximated
such that f; ~ f;_1. Similarly, the approximations k' ~ k" |

and k' ~ k' | are given. The phase difference is then

O = ¢ (k") — ¢F 1 (K] y)
B 2w - h - f
==

The phase difference is theoretically derived using the pitch, not
depending on the initial phase or window function. The presence
of the harmonic structure can be determined from the phase
spectrum continuity based on the phase difference. However,
the phase spectrum is unstable due to noise, so the phase differ-
ence between the lowest-order harmonic and other harmonics is
further calculated. By using (9), the phase difference between
harmonics is defined as follows:

o} (k') ~ IM+Q"+ 6" (k' — k). (®)

M. )

TP =@ — @}
27T-(h—1)-fl
=" =M. 10
2 (10)

By substituting (9) into (10), we have the relationship between
the phase spectrum and harmonics as follows:

o (k') = o7 (k) + OF,

with the phase lead

(1)

27T~(h—1)-fl

OF = ¢ 1 (ki'y) — o 1 (ki) + 7 M. (12)



2070
(I—1)th ith
analysis frame analysis frame

o

hth !
harmonic ¢’1S—1 (klh—l) C——) ¢ls(kzh)

1st o}
harmonic i1 (ki) : CH!

C——)
Fig. 1. Relationship between the phase spectrum and harmonics.

Fig. 1 shows the relationship between the phase spectrum and
harmonics. In the correct pitch candidate, phase spectra between
higher and the lowest-order harmonics exhibits a linear relation-
ship. The validity of the phase difference between harmonics for
pitch estimation is discussed in the following section.

III. PHASE DIFFERENCES BETWEEN HARMONICS

This section discusses the validity of the phase difference be-
tween harmonics for pitch estimation. In a natural environment,
a speech signal can suffer from noise. In addition, narrowband
speech signals can be obtained through a band-pass filter whose
cutoff frequencies are 300 and 3400 Hz. A narrowband speech
signal is defined as follows:

z(n) = g (s(n) + e(n)),

where e(n) is an additive noise signal and g(+) is a band-pass
filtering function. Here, the sampling delay of the band-pass
filtering has been compensated.

The jth pitch candidate is represented as f(7) (j € P), where
‘P denotes the set of indices of the pitch candidates. In this article,
the pitch is within 50—400 Hz. When a pitch candidate is correct,
the phase spectra for the higher-order harmonics, which are
shifted based on the phase difference between the harmonics,
agree with the phase spectrum for the lowest-order harmonic.
Note that a narrowband speech signal has lost several lower-
order harmonics due to its limited bandwidth. The frequency
index containing the ~th harmonic for the jth pitch candidate in
the narrowband is redefined as follows:

h- f(G) + f()
h ~
ki ~ 7 N,
considering the nearest integer with the highest harmonic in the
missing lower band
< 300
o= |22 50,
) f() )
where |- ] denotes the floor function. For notational simplicity,
we put kf as k*. Since harmonics possess greater amplitude than
other frequencies, phase spectra encompassing them exhibit a
high signal-to-noise ratio (SNR). Indeed, phase enhancement
methods [43], [44] reconstruct the degraded phase spectrum
from phase spectra encompassing harmonics even in noisy envi-

ronments at 0 dB. Based on this knowledge, we work on a robust
pitch estimation algorithm using phase spectra encompassing

13)

(14)

as)
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Fig. 2. Similarity between the phase spectra for the lowest-order harmonic
and other harmonics in a clean environment. (a) Zl2 (4)- (b) Zl3 () © Zl4 ).
(d) Average of Z2(5). Z} (), and Z(5). The red line depicts a pitch of 211 Hz.

harmonics. Let ¢; (k) be the phase spectrum of the narrowband
speech signal. The phase spectrum for the harmonic is then given
as

du(k") = &7 (k) + 68 (k"),

where ¢2(k) denotes the phase shift of the band-pass filtering.

By using (11) and (12), the shifted phase spectrum based on
the phase difference between harmonics in each pitch candidate
is generated as follows:

(16)

Gi(k) = di(k) — O] (), (17)
with the phase lead
01 () = dra (k) — ara (k) + T Ty g

When a pitch candidate is correct such that f(j) = f;, we have
di(k*) = iy (k7). Hence, a pitch can be obtained from narrow-
band speech signals using the shifted phase spectrum without
detecting the peak of the amplitude spectrum.

Let us examine the validity of the shifted phase spectrum for
pitch estimation. In this discussion, the similarity between the
phase spectra in the frequency indices kjl- and k;‘ is measured as
follows:

2} (j) = cos (k") — au(k})) 19
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Fig. 3.

Fig. 2(a), (b), and (c) shows Z7(j), Z?(j), and Z}(j), respec-
tively. Here, a clean narrowband speech signal with a pitch
of 211 Hz is used. Similarities approach 1 at several pitch
candidates because the phase spectrum is constrained to its
principal value of [0, 27); this is called ‘phase wrapping.” Due to
phase wrapping, the shifted phase spectra can coincide with the
phase spectrum for the lowest-order harmonic even in incorrect
pitch candidates. As shown in Fig. 2(d), the averaged similarity
records a maximum at the correct pitch candidate, resulting
in the suppression of the phase wrapping effect using several
shifted phase spectra. However, the phase spectrum may rapidly
fluctuate at the beginning and end of voiced active frames or
deteriorate in severely noisy environments. Moreover, (17) can
be established for overtones, resulting in octave errors. To solve
these issues, the complex-domain pitch estimation algorithm us-
ing the phase and amplitude spectra is discussed in the following
section.

IV. COMPLEX-DOMAIN PITCH ESTIMATION ALGORITHM

In this section, we propose a complex-domain pitch estima-
tion algorithm using the phase and amplitude spectra. Fig. 3
shows a schematic representation of the proposed method.
The proposed method obtains a cue for pitch estimation from
the amplitude spectrum of the excitation signal using the har-
monic summation algorithm [25]. The excitation signal is given
by the linear predictive coding technique as the linear pre-
diction (LP) residual [45]. The proposed method combines
the shifted phase spectrum with the amplitude spectrum of
the excitation signal to generate a complex spectrum. Let
U;(k) denote the amplitude spectrum of the excitation sig-
nal. The proposed method generates the complex spectrum as
follows:

X[ (j) = Ui(k*) - %), (20)

The proposed method then obtains the distance between the
adjacent peaks from the complex spectrum using the harmonic
summation algorithm. The harmonic summation algorithm cal-
culates the cumulative sum of the complex spectra

H-1
Qi) =D Xt Q1)
h=1

Fig. 4 shows the vector diagrams of the harmonic summation
algorithm. When the shifted phase spectra are the same for the

Schematic representation of the proposed method. The number in each block corresponds to the expression number.

correct pitch candidate, each complex spectrum is added in the
same direction and the cumulative sum of the complex spectra
then coincides with that of the amplitude spectra. Otherwise, the
cumulative sum of the complex spectra is smaller. Therefore, the
introduction of the shifted phase spectrum emphasizes peaks of
the amplitude spectrum.

Let us examine the validity of the cumulative sum of the
complex spectra for pitch estimation. Here, a male narrowband
speech signal with a pitch of 103 Hz is used and a white noise
signal is added to it at an SNR of 0 dB. Fig. 5(a), (b), and (c¢)
shows the averaged similarity between the phase spectra for
harmonics, the cumulative sum of the amplitude spectra, and
the cumulative sum of the complex spectra, respectively. The
averaged similarity has some peaks at incorrect pitch candidates
because the phase spectrum can be degraded by noise. The pitch
estimation using only the phase spectrum becomes unstable
in severely noisy environments. The cumulative sum of the
amplitude spectra suppresses the noise effect and also has peaks
at several pitch candidates. Because the peaks on the ampli-
tude spectrum are not easily detected from narrowband speech
signals with a partial harmonic structure, the pitch estimation
error cannot be suppressed using only the amplitude spectrum.
Conversely, the cumulative sum of the complex spectra recorded
a peak at the correct pitch candidate. These results confirm that
the complex spectrum is an efficient cue for pitch estimation
for narrowband speech signals in noisy environments. However,
there are still peaks at the pitch candidates for overtones, result-
ing in the octave error.

When a pitch candidate is an overtone, the amplitude spectrum
also has a peak at the subharmonic. To prevent the octave
error, the subharmonic subtraction algorithm [25] subtracts the
cumulative sum of the amplitude spectra for subharmonics from
that for harmonics. However, narrowband speech signals also
have missed subharmonics in the lower spectrum. In this arti-
cle, the subharmonic subtraction algorithm is extended in the
complex-domain.

When a pitch candidate is an overtone such that f(j) = R - f;
(R e N—{1}), (11) is also valid. The proposed method in-
troduces an additional cue into the subharmonic subtraction
algorithm as to whether the shifted phase spectra agree with the
phase spectrum for the lowest-order harmonic. Let (h + 7/R) -
f(G)+ f(G) (r=1,...,R —1) denote a subharmonic for the
Rth overtone at a pitch candidate. With the frequency index

containing the subharmonic kf} ;» the proposed method shifts
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Fig.4. Vector diagrams of the harmonic summation algorithm in the complex-

domain. (a) The phase spectra are the same. (b) The phase spectra are different.

the phase spectrum for the subharmonic as follows:

O (ki) = 0 (kry) = O1, (), 22)
with the phase lead
6?,]‘ = ¢?E1(k?,r) - ¢?S1(kgl)
L2 RO+ GOR),
F
When a pitch candidate is an overtone, zj;lX (kf ;) = o (k).

The proposed method calculates the cumulative sum of the
complex spectra for the subharmonics as

R—1 Hgr
DRG) = DD X)) (24)

r=1 h=1

where
H

Hr= |—— 25
R {R — 1J (25)
XP, () = Ur (k) - 39 (), (26)

Consequently, we apply the subharmonic subtraction algorithm

to (21):
Z QSub

In this article, the second and third overtones (R = 2, 3) are
considered. Fig. 5(d) shows the cumulative sum of the complex
spectra with the subharmonic subtraction algorithm. It can be
seen that the maximum cumulative sum corresponds to the
correct pitch candidate, whereas the others have been attenuated.
The octave error can be suppressed using the subharmonic
subtraction algorithm in the complex-domain.

In addition, the proposed method enhances robustness using
the temporal smoothing process. Here, the scale of Ql(j) is
normalized because the power of the narrowband speech signal
changes over time. Let Ql( ) denote the normalized cumulative
sum. The normalized cumulative sum over L frames is averaged
as follows:

Qi(j) (27)

(28)
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Fig. 5. Similarity and cumulative sum of the spectra with the white noise
signal at an SNR of 0 dB. (a) Averaged similarity between the phase spectra for
harmonics. (b) Cumulative sum of the amplitude spectra. (¢c) Cumulative sum
of the complex spectra. (d) Cumulative sum of the complex spectra with the
subharmonic subtraction algorithm. (¢) Cumulative sum of the complex spectra
with the subharmonic subtraction algorithm and the temporal smoothing process.
The red line and the black dashed lines depict a pitch of 103 Hz and overtones
of 206 and 309 Hz, respectively.

Fig. 5(e) shows the cumulative sum of the complex spectra
with the subharmonic subtraction algorithm and the temporal
smoothing process. The noise effect can be suppressed using
the temporal smoothing process, emphasizing the peak at the
correct pitch candidate.

Finally, the pitch is determined among the pitch candidates
using the Viterbi algorithm that calculates a Viterbi score for
each pitch candidate by considering the pitch transition from
the previous frames. The Viterbi score is defined as
: Ql (] )a

6u(j) = |max ép-(4) - a(i, j) (29)

ic€P

where (i, j) is the transition probability between the ith and
jth pitch candidates and [* denotes the latest voiced active
frame. Consequently, the proposed method outputs the pitch

fl = fi(j;), where j; = argmax;cp 8 (j).
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V. EXPERIMENTAL EVALUATION

Objective experiments were conducted to validate the per-
formance of the proposed method. We randomly selected 800
speech signals of 10 male and 10 female speakers from PTDB-
TUG [46]. The speech signals had been coded in 16 bits with
a sampling rate of 16000 Hz. According to the preprocessing
scheme expounded by Pulakka et al. [10], we simulated narrow-
band speech signals on the public switched telephone network
using modified mobile station input filters. First, speech signals
were high-pass filtered via an infinite-impulse-response filter
whose cutoff frequency was 300 Hz with 3 dB attenuation. We
employed a zero-phase digital filter to circumvent phase distor-
tion in this work. Since the first high-pass filter was insufficient in
attenuating frequencies below 300 Hz, a second high-pass filter
was implemented to achieve an 80 dB attenuation at 200 Hz.
We employed a finite impulse response filter as the second
high-pass filter following Abel’s preprocessing scheme [11].
The high-pass filtered speech signal was lower-pass filtered with
an infinite-impulse-response filter whose cutoff frequency was
3400 Hz with 50 dB attenuation, and then downsampled at a
sampling rate of 8000 Hz. Finally, narrowband speech signals
were obtained by encoding and decoding the downsampled
speech signal using G.711 [1].

White, cockpit, destroyer, factory, and babble noise signals
were used from NOISEX-92 [47]. The noise signals had been
coded in 16 bits with a sampling rate of 19980 Hz. The noise
signal was also preprocessed using the modified mobile station
input filter and added to the narrowband speech signal at different
SNR levels, ranging from —10 to 20 dB in steps of 5 dB.

The online process should shorten an analysis frame, but
the spectral resolution is also reduced. The proposed method
(PROP) analyzed the narrowband speech signal with a frame
length of 40 ms (/N = 320) and a hop size of 10 ms (M = 80).
In this case, the distance between the center frequencies of the
adjacent band-pass filters in the STFT analysis was 25 Hz; the
frequency resolution was sufficient to capture the lowest pitch
of 50 Hz. In addition, a Hanning window with a frame length
of 40 ms was adopted, so that spectrum leakage to the other
frequency bands could be neglected. The proposed method set
H =4 and L = 3 in this article.

The performance of the pitch estimation algorithms was eval-
uated by measuring the gross pitch error (GPE) [14]. The GPE
is defined as

Ng

GPE = —
Ny

(30)
where Ng denotes the number of frames in which the relative
error of the estimated pitch is higher than 20% and Ny denotes
the number of voiced active frames. In this work, we introduced
the octave error rate (OER) as a metric to assess octave errors:

N,
OER = 9B

N 3D

where Nog denotes the number of frames in which the relative
error of the estimated pitch is greater than one octave. We also
define the proportion of octave errors to total pitch estimation
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€ITOrS:

Nog

S (32)

PoE =
Here, itis assumed that the number and positions of voiced active
frames are known, to evaluate the maximum performance of the
pitch estimation algorithms.

The proposed method was compared with the following tra-
ditional pitch estimation algorithms: YIN [14], the pitch estima-
tion filter with amplitude compression (PEFAC) algorithm [26],
SRH [25], the parametric pitch estimation algorithm (NLS) [19],
[22], and the pitch estimation algorithm using phase differences
between harmonics (PD) [34]. The frame length of PEFAC and
SRH was 90 ms with a hop size of 10 ms, and the frame length
of the others was 40 ms.

Fig. 6 shows the original (red line) and estimated (white line)
pitch tracks for a male narrowband speech signal in a clean
environment. Fig. 6(a) depicts a spectrogram of the original
speech signal, and Fig. 6(b)—(g) depict spectrograms of the
narrowband speech signals. The narrowband speech signal lacks
the lower-order harmonics because of its limited bandwidth, re-
sulting in the pitch estimation error for YIN, PEFAC, and SRH.
Specifically, PEFAC and SRH suffered from the octave error
because only a few peaks can be detected from the amplitude
spectrum in the narrowband. In addition, the pitch estimation
error was observed for NLS because the model parameters were
not fully estimated from the narrowband speech signal with a
partial harmonic structure. PD suppressed the pitch estimation
error without detecting peaks on the amplitude spectrum but
was unstable at the beginning and end of voiced active frames
where the phase spectrum rapidly fluctuated. PROP accurately
estimated the pitch from the narrowband speech signal using
both the amplitude and phase spectra.

The performance of the pitch estimation algorithms was also
evaluated for narrowband speech signals in clean and noisy
environments. In this experiment, to verify the effectiveness
of the shifted phase spectrum and the subharmonic subtraction
algorithm, two variants of the proposed method were added:
PROP w/o PD estimates the pitch from the cumulative sum of
the amplitude spectra with the subharmonic subtraction algo-
rithm. PROP w/o SH estimates the pitch from the cumulative
sum of the complex spectra without the subharmonic subtraction
algorithm.

Table I shows the resulting GPE. In the traditional pitch
estimation algorithms, the GPE exceeded 0.17 in a clean en-
vironment because of the limited bandwidth. Significantly, be-
cause the frequency-domain and parametric pitch estimation
algorithms focus on wideband speech signals with a harmonic
structure, the GPE was higher in the male narrowband speech
signals with more missing lower-order harmonics than in the fe-
male ones. PD achieved lower GPE than YIN, SRH, and PEFAC
without detecting the peak on the amplitude spectrum but higher
GPE than NLS because of the instability at the beginning and
end of the voiced active frames. Conversely, PROP achieved
the lowest GPE for the male and female narrowband speech
signals. Consequently, the proposed method precisely estimates
the pitch from narrowband speech signals, not depending on



2074

600

300

Freq. [Hz]

Freq. [Hz] Freq. [Hz]

Freq. [Hz]

Fig. 6.

IEEE/ACM TRANSACTIONS ON AUDIO, SPEECH, AND LANGUAGE PROCESSING, VOL. 31, 2023

Freq. [Hz] Freq. [Hz]

Freq. [Hz]

Time [s]

®

Pitch track for a male narrowband speech signal in a clean environment. (a) Original. (b) YIN. (c) PEFAC. (d) SRH. (e) NLS. (f) PD. (g) PROP. The red

and white lines show the original and estimated pitch tracks, respectively. The upper left panel depicts a spectrogram of the original speech signal, and the others

depict the spectrograms of the narrowband speech signals.

gender. Compared with PROP w/o PD, PROP reduced the
GPE by 0.039. These results imply that the pitch estimation
error for narrowband speech signals can be suppressed using
the amplitude and phase spectra.

Table II shows the resulting OER. In a clean environment,
PROP recorded the lowest OER at 0.033, whereas YIN, SRH,
and PEFAC recorded more than 0.174. The proposed method
is an efficient pitch estimation algorithm for narrowband speech
signals regardless of whether they are male or female. Compared
with PROP w/o SH, PROP reduced the OER by 0.027. These
results show that the subharmonic subtraction algorithm in the
complex-domain is effective in preventing the octave error for
narrowband speech signals.

In noisy environments, the GPE and OER increased compared
to those in a clean environment. In PD, the GPE more than
doubled because of the deteriorated phase spectrum. PROP, the
pitch estimation algorithm using both the amplitude and phase
spectra, achieved the lowest GPE in all noise signals, which is not
a high SNR. NLS, employing a harmonic model with additive
white Gaussian noise, reduced the GPE for female speech signals
in White noise. Nevertheless, PROP mitigated pitch estimation
errors more effectively for the others. These results show that
the proposed method provides stable pitch estimation even in
noisy environments. For the OER, PROP achieved the lowest
OER for the white noise signal, but NLS outperformed PROP
for the other noise signals. Since the non-stationary noise signals

suddenly distort the phase spectrum, the proposed method using
the phase spectrum has difficulty preventing the octave error.
Here, PD and NLS recorded less than 0.08, whereas YIN, SRH,
and PEFAC recorded more than 0.22. Therefore, the proposed
method suppressed the octave error with the same level of
performance as the state-of-the-art method, NLS. In Destroyer,
Factory, and Babble noise, the lowest pog of PROP was 0.257,
while that of NLS was 0.179. NLS, which did not capture the
harmonic structure as shown in Fig. 6(e), had pitch estimation
errors of less than one octave. In PROP, the proportion of
octave errors increased, despite reducing the pitch estimation
error compared to NLS. Since we set the extensive pitch range
to accommodate both male and female speakers, octave errors
are likely to occur. Hence, the postprocessing for the pitch range
limitation based on speaker identification methods [48], [49] will
further suppress pitch estimation errors.

The proposed method assumes that the phase spectra en-
compassing lowest and higher harmonics should be related
linearly. The relationship between phase spectra can be checked
by comparing PROP w/o PD and PROP. If the relationship
between the phase spectra is not linear, the performance of
PROP will decline compared to PROP w/o PD that omits the
phase information. As demonstrated in Table I, PROP recorded
the lowest GPE in Clean speech, signifying a linear relation-
ship between the phase spectra. In noisy environments, PROP
registered lower GPE with White, Cockpit, and Destroyer noise



TABLE I
GPE OF THE PITCH ESTIMATION ALGORITHMS IN CLEAN AND NOISY ENVIRONMENTS AT AN SNR OF 0 dB
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Clean White noise Cockpit noise
MALE FEMALE ALL | MALE FEMALE ALL | MALE FEMALE ALL
YIN 0.252 0.246 0.249 0.378 0.443 0.411 0.426 0.495 0.460
PEFAC 0.383 0.211 0.297 0.474 0.274 0.374 | 0.510 0.355 0.432
SRH 0.642 0.202 0.422 0.623 0.358 0.491 0.738 0.451 0.594
NLS 0.223 0.117 0.170 | 0.296 0.120 0.208 | 0.264 0.213 0.238
PD 0.206 0.146 0.176 | 0.360 0.469 0414 | 0.402 0.470 0.436
PROP 0.099 0.092 0.095 0.170 0.135 0.152 | 0.208 0.173 0.191
PROP w/o PD | 0.172 0.097 0.134 | 0.272 0.139 0.205 0.307 0.181 0.244
PROP w/o SH | 0.132 0.102 0.117 0.252 0.128 0.190 | 0.340 0.180 0.260
Destroyer noise Factory noise Babble noise
MALE FEMALE ALL | MALE FEMALE ALL | MALE FEMALE ALL
YIN 0.456 0.513 0.484 | 0.444 0.506 0.475 0.478 0.561 0.519
PEFAC 0.509 0.339 0.424 | 0.480 0.315 0.398 | 0.516 0.366 0.441
SRH 0.780 0.507 0.643 0.748 0.482 0.615 0.802 0.500 0.651
NLS 0.329 0.286 0.307 0.341 0.207 0.274 | 0.364 0.316 0.340
PD 0.407 0.510 0.458 0.413 0.533 0.473 0.414 0.546 0.480
PROP 0.291 0.234 0.262 | 0.264 0.190 0.227 | 0.320 0.280 0.300
PROP w/o PD | 0.389 0.249 0.319 0.382 0.187 0.285 0.420 0.277 0.349
PROP w/o SH | 0.415 0.261 0.338 0.383 0.198 0.291 0.438 0.276 0.357
TABLE II

OER OF THE PITCH ESTIMATION ALGORITHMS IN CLEAN AND NOISY ENVIRONMENTS AT AN SNR OF 0 dB

Clean White noise Cockpit noise
MALE FEMALE ALL | MALE FEMALE ALL | MALE FEMALE ALL
YIN 0.180 0.168 0.174 | 0.198 0.308 0.253 0.256 0.330 0.293
PEFAC 0.335 0.110 0.223 0.406 0.124 0.265 0.446 0.160 0.303
SRH 0.596 0.089 0.343 0.541 0.135 0.338 | 0.652 0.143 0.398
NLS 0.057 0.055 0.056 | 0.114 0.057 0.086 | 0.042 0.069 0.055
PD 0.106 0.083 0.095 0.150 0.319 0234 | 0.191 0.310 0.250
PROP 0.025 0.041 0.033 | 0.047 0.054 0.051 0.050 0.057 0.053
PROP w/o PD | 0.041 0.043 0.042 | 0.079 0.060 0.070 | 0.074 0.050 0.062
PROP w/o SH | 0.064 0.056 0.060 | 0.117 0.060 0.088 | 0.150 0.067 0.108
Destroyer noise Factory noise Babble noise
MALE FEMALE ALL | MALE FEMALE ALL | MALE FEMALE ALL
YIN 0.226 0.340 0.283 0.224 0.355 0289 | 0.216 0.372 0.294
PEFAC 0.350 0.114 0.232 | 0.341 0.128 0.235 0.315 0.129 0.222
SRH 0.678 0.128 0.403 0.650 0.171 0.411 0.672 0.151 0.411
NLS 0.043 0.067 0.055 0.060 0.055 0.058 | 0.057 0.076 0.066
PD 0.125 0.343 0.234 | 0.136 0.377 0.257 | 0.104 0.365 0.234
PROP 0.077 0.060 0.068 0.074 0.058 0.066 | 0.076 0.079 0.077
PROP w/o PD | 0.111 0.058 0.084 | 0.110 0.053 0.082 | 0.107 0.069 0.088
PROP w/o SH | 0.188 0.078 0.133 0.183 0.078 0.130 | 0.170 0.091 0.130

at 0 dB, while PROP w/o PD reported superior GPE for female
speech signals in Factory and Babble noise. Since the harmonic
structure was deteriorated, the linear relationship between the
phase spectra could not be valid. Hence, the robustness toward
the non-stationary noise is a challenge for the proposed method.
In this article, we estimated the pitch using the deteriorated phase
spectrum. Therefore, the preprocessing using phase enhance-
ment methods [50], [51] further improves the performance.
Figs. 7 and 8 show the GPE and OER results in noisy en-
vironments with different SNR levels. PROP suppressed pitch
estimation errors more efficiently within the 20 to -5 dB range.
These results confirm that the proposed method is a robust pitch
estimation algorithm for narrowband speech signals. In severely
noisy environments at an SNR of —10 dB, PROP was compa-
rable to NLS. The deteriorated phase spectrum caused pitch
estimation errors. The preprocessing using phase enhancement
methods [50], [51] will improve the performance in severely
noisy environments. For the white noise signal, PROP also
achieved the lowest OER regardless of the SNR level. For the
non-stationary noise signals, NLS outperformed PROP at SNRs

below 0 dB. The sudden phase spectrum distortion due to the
non-stationary noise signals caused octave errors. Here, PROP
achieved OER less than or equal to that of NLS at SNRs of 0 dB
or higher. The proposed method prevented the octave error more
efficiently compared to the state-of-the-art methods in slightly
noisy environments.

Finally, we discuss the complexity of the pitch estimation
algorithms. Let P denote the number of pitch candidates.
The state-of-the-art method NLS consists of the harmonic
model estimation process [O(NlogN)+ O(HN)] and
the pitch tracking process [O(P?)]. The complexity of
NLS is then O(Nlog N) + O(P?) because of H < N. As
shown in Fig. 3, the proposed method processes the STFT
representation [O(N log N)], the shifted phase spectrum
calculation [O(H)], the cumulative summation algorithm
[O(H)], the subharmonic subtraction algorithm [O(RH )], the
temporal smoothing process [O(L)]. and the Viterbi algorithm
[O(P?)]. Because of R < N, the complexity of the proposed
method is O(N log N) + O(P?), which is the same as that of
NLS. NLS is an online pitch estimation algorithm for practical
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Fig.7. GPE in noisy environments with different SNR levels. (a) White noise.
(b) Cockpit noise. (c) Destroyer noise. (d) Factory noise. (¢) Babble noise.

applications, and thus the proposed method is also applicable
to online processing.

VI. CONCLUSION

We proposed a complex-domain pitch estimation algorithm
for narrowband speech signals and verified its performance
through simulation experiments. The proposed method achieved
the lowest GPE and OER in a clean environment for both male
and female narrowband speech signals. In noisy environments,
the proposed method also recorded the lowest GPE even at an
SNR of —10 dB and OER less than or equal to that of the
state-of-the-art method at SNRs of 0 dB or higher. These results
implied that the proposed method was a robust pitch estimation
algorithm for narrowband speech signals, not depending on
gender. In severely noisy environments at SNRs below 0 dB,
the octave error was observed because the phase spectrum
was suddenly distorted due to the non-stationary noise signals.
Future work includes speaker identification methods [48], [49]
and phase enhancement methods [50], [51] to prevent the octave
error in severely noisy environments, and the glottal closure
instants detection algorithm [52], [53] to detect the voiced
active frame. The code of the proposed method is available at
https://github.com/Yuya-Hosoda.
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