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Abstract: Many natural signals exhibit a quasi-periodic behavior and are conveniently modeled as a
combination of several harmonic sinusoids whose relative frequencies, magnitudes and phases vary
with time. The waveform shape of those signals reflects important physical phenomena underlying
their generation, which requires that those parameters be accurately estimated and modeled. In
the literature, accurate phase estimation and modeling has received much less research effort than
frequency estimation, or magnitude estimation. First, this paper addresses accurate DFT-based phase
estimation of individual sinusoids in six scenarios involving two DFT-based filter banks and three
different windows. It is shown that bias in phase estimation is less than 1E-3 radians when the SNR
is equal to or larger than 2.5 dB. Taking as a reference the Cramér-Rao Lower Bound, it is shown that
one particular window offers a performance of practical interest by approximating better the CRLB
when signal conditions are favorable, and by minimizing the performance deviation when signal
conditions are adverse. Second, this paper explains how a shift-invariant phase-related feature can be
devised that characterizes harmonic phase structure, which motivates a signal processing paradigm
that greatly simplifies parametric modeling, transformation and synthesis of harmonics signals, in
addition to facilitating the understanding and reverse engineering of the phasegram. Theory and
results are discussed in a reproducible perspective using dedicated experiments that are supported
with code allowing not only to replicate figures and results in this paper, but also to expand research.

Keywords: phase estimation; harmonic phase structure; harmonic magnitude and phase parametric
modeling; harmonic signal processing

1. Introduction

1.1. Motivation

Many natural and synthetic quasi-periodic signals, including speech, singing, physiological
signals such as ECG, music, and acoustic waves reflecting vibrations of mechanical systems, possess a
harmonic structure of sinusoids whose magnitudes, phases and underlying fundamental frequency
vary with time.

Harmonic phases are very important in defining the waveform shape of quasi-periodic signals
and, therefore, are immensely informative regarding the physical phenomena that generate them.
Examples include the periodic glottal excitation signal that sheds light on the physiological process
governing the vocal fold vibration in the larynx; and periodic acoustic signals that are generated by
mechanical systems and that shed light on whether the operation of those systems is correct within a
predefined safety margin.

Given that the harmonic phases depend explicitly on the time, they vary much faster than
the harmonic magnitudes and fundamental frequency typically do, which has always represented a
challenge from the point of view of signal analysis, estimation, interpretation, modeling, transformation
and synthesis [1-3]. Since accurate frequency and magnitude estimation of sinusoids have been
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extensively discussed in the literature [4-11], we assume in this paper that these are solved problems
and focus, instead, on two problems addressing phase. The first problem concerns practical and
accurate DFT-based phase estimation of individual sinusoids. This is instrumental in solving a second
problem: parametric modeling of the phase of sinusoids in a harmonic structure and in such a way
that is time-shift invariant, interpretable, insightful, and simplifies harmonic signal processing. To our
best knowledge, this is the first time such a combined perspective is presented in a manner that is
easily apprehensible.

This paper demonstrates that these problems can be tackled in a practical way, which is facilitated
by Matlab code that replicates the main results and illustrations presented.

1.2. Problem Statement

This paper is concerned with practical ways of representing quasi-periodic signals using the
concepts of structure and parametric modeling. By structure we mean an identifiable form, or
organization, and by parametric modeling we mean a simple mathematical formulation that captures
that organization and is able to model it using a small number of controllable parameters. We also
admit in this paper that signals are quasi-periodic and are locally stationary. Quasi-periodicity means
that the waveform shape in a periodic signal varies slowly among at least three adjacent periods, even
if their period may increase or decrease. Local stationarity means that harmonic parameters, such as
sinusoidal magnitude and frequency, vary slowly with time, such that they can be considered to be
approximately constant within a short windowed region of the observed signal.

In order to motivate the main aspect that is discussed in this paper, which is phase representation,
estimation and parametric modeling, we address first the concept of structure on the three aspects that
define a stationary periodic signal: i) frequency, ii) magnitude, and iii) phase.

Let us consider a real-valued signal x(t) that consists of L sinusoids

L-1

x(t) =Y Agsin (Qut +¢g) +5(t) , 1)
=0

where A, and () represent, respectively, the magnitude and frequency of the /' sinusoid, ¢, represents
the starting phase of the /' sinusoid, and s(t) represents a random signal without any relevant phase
structure. It is well known from basic Fourier theory that the sinusoids in a periodic signal are
harmonically related [12]. Hence, in our context,

Qy=U+1)Qy, (2)

i.e., the frequency of each sinusoid is a multiple integer of a fundamental frequency that is represented
by Q). Thus, this frequency organization represents a frequency-related feature that is intrinsic and,
therefore, structural, to any periodic signal. This means that the only information in the frequency
structure that is truly unique is the fundamental frequency.

A second structural aspect that defines a periodic signal consists in the organization of the
magnitudes of the different harmonics, and can be given by the ratio between the magnitude of each
harmonic (A;) and that of the fundamental frequency magnitude (Ayp). If the latter is looked at as a
gain, then, a given periodic signal is characterized by a normalized magnitude-related feature vector,
where the first value is one, and all other values (A;/ Ag) help defining the waveform shape of the
periodic signal. This magnitude-related feature vector expresses the magnitude structure of a periodic
signal, independently of time, and of the fundamental frequency of the signal, provided that the
waveform shape is locally preserved.

A third aspect that contributes to define a particular waveform shape of a periodic signal involves
the relationships between the starting phases of the different harmonics, ¢;. Ideally, it would be
interesting to characterize the waveform shape of a given periodic signal on the basis of a normalized
phase-related feature vector that, similarly to the magnitude-related feature vector, is independent
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of time and of the fundamental frequency. This paper aims to show that such a time-shift invariant
phase-related feature exists, and that it can be extracted using fairly conventional spectrum analysis.
Moreover, it can be modeled in simple and insightful ways.

To this end, two problems need to be addressed. The first one, involves estimating the harmonic
starting phase values, ¢, from a short segment of x(t) that is representative of the periodic signal. By
representative we mean that the short segment contains a few periods having a similar waveform
shape but its duration is not related to the period of the periodic signal. The second one, involves
establishing a model that is based on the estimated harmonic starting phases, and that when it is
combined with harmonic magnitude information, helps to completely explain a given waveform shape
in a way that is time-shift invariant, and independent of (). The next section discusses further these
challenges in a practical perspective and motivates a paradigm in harmonic signal processing that
is oriented to harmonic magnitude and phase structure, which eases immensely signal modeling,
transformation, and synthesis.

1.3. A Practical Approach to Harmonic Signal Processing

The problem that we address fits in the realm of spectrum estimation using Fourier analysis.
Given that we aim at practical signal processing such that it is amenable to real-time operation on
low-cost platforms, we highlight simple technical approaches that use the Discrete Fourier Transform
(DFT), which allows benefitting from efficient realization algorithms (e.g., the FFT [13]). In addition,
we also exclude non-causal or iterative processing in order to accommodate real-time operation on
low-cost platforms.

Thus, in a practical setting, simple spectrum estimation implies typically three operations: 1)
sampling, 2) Time-Frequency (T-F) transformation, and 3) frequency, magnitude and phase estimation.

1. A discrete-time version of the signal represented by Equation (1) is first obtained using a
convenient sampling frequency (Fg), i.e.,

] = 30l ry—p ®

where Ts represents sampling period and corresponds to the reciprocal of the sampling frequency
(Fs).

2. A T-F transformation (using e.g., the DFT) is computed on a windowed region of the discrete-time
signal containing N samples. We assume that N is a power of 2 number. If the window is
represented by w[n| (and that we assume is symmetric), this means that, in the case of the DFT,
we compute

N—1
X[kl =) x[njw[n)e I ¥ k=0,1,...,N—1. (4)

3.  Finally, a suitable estimation procedure is used that takes as input the spectral coefficients, X[k],
and delivers robust estimates of all the harmonic frequencies, magnitudes, and phases.

These simple spectrum estimation steps enable the identification of important harmonic parameters
such as the normalized fundamental frequency, wy = QyTs. On the other hand, the parametric
representation of the harmonic magnitudes and phases, if done in such a way that it does not depend
on the time, nor on the fundamental frequency, paves the way to a harmonic signal processing
paradigm that promotes algorithm simplification, flexibility, and even insight.

In fact, in many applications involving, for example, speech enhancement, time-scale or pitch
scale modification of speech [3], and special effects in singing and music [2], harmonic sinusoids are
individually modified in their frequency, magnitude and phase trajectories as Figure 1 suggests.
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Figure 1. In many harmonic signal processing applications, individual harmonics are processed
separately. Signal modification converts the original fundamental frequency (wp), and the original
harmonic magnitudes (Ay), and phases (¢,), into new values (wg , A? , 4)/? ) in the synthesis process.

However, this approach requires careful unwrapping of the phases of all harmonics such that
their modification is correct and does not suffer from the errors that may result from the wrapped
phase representation in the interval [—7z, 77[. In addition, phase unwrapping, which is carried out for
all harmonics on an individual basis and on a ‘horizontal’ manner, i.e., along the time axis, is itself
prone to estimation errors. The most critical aspect of this approach, however, is that it is not insightful,
i.e., it does not capture the overall, or holistic, harmonic phase structure, which means that, most likely,
it does not explicitly control it. The consequence is that although phase coherence may be obtained on
an individual sinusoidal basis, ‘vertical’ coherence may not be controlled and artifacts may result, the
most common being known as ‘phasiness’ [14].

A more convenient paradigm in harmonic signal processing is represented by the block diagram
that is illustrated in Figure 2.

PM

harmonic PM°
¢ phase (P_‘_’ 4)5
wln] ! modeling | " 0

x[n] harmonic | wy signal w3 | harmonic | y[n]
& T/F - .
analysis | Ay Ap modification | A 8 synthesis
harmonic S
magnitude MM

modeling MM

Figure 2. A convenient paradigm in harmonic signal processing: a holistic harmonic magnitude and

phase structure is represented by a shift-invariant and fundamental frequency-independent magnitude
model (MM), and phase model (PM), respectively. Signal transformation just involves modfications on
these models.

According to this paradigm, harmonic magnitude and phase models are extracted that represent
the holistic harmonic structure (or ‘vertical” structure) in a way that is time-shift invariant, and
independent of the fundamental frequency. This not only promotes insight in terms of the harmonic
signal structure, but also facilitates tremendously signal transformation. For example, the magnitude
model (MM) and the phase model (PM) may change arbitrarily, or may be interpolated in simple ways.
Or, if the waveform shape is to be preserved, they may be left unchanged, and the changes in the
synthesis affect only the fundamental frequency parameters (w§, A3, 3). In addition, the synthetic
phase ¢ may be decoupled from the original phase ¢y since it can be easily synthesized using the

value of wg .

1.4. Paper Structure

This paper is divided into two major parts. The first part, corresponding to Section 2, is devoted
to the estimation of the phases of individual sinusoids using light but robust DFI-based analysis
procedures. Two commonly used DFT filter banks and three window functions are considered. Robust
phase estimators are found taking into consideration the specificities of the filter banks, and of the
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window functions, notably their frequency responses. It is shown that the relative performance of
the six phase estimation alternatives depends mainly on the main lobe width of the magnitude of
those frequency responses, and the associated near-end and far-end leakage properties. In particular,
taking the Cramér-Rao Lower Bound (CRLB) as a reference, it is shown that the performance of one
of the studied windows is not only closer to the CRLB, but also offers a lower deviation when signal
conditions are more adverse.

In the second part of the paper, corresponding to Section 3, we address the computation of a
time-shift invariant harmonic phase model (HPM) that implements the holistic PM that is represented
in Figure 2 and that validates the harmonic signal processing paradigm that the block diagram of Figure
2 substantiates. Using the concepts of vertical phase coherence, as well as detailed and interpretable
test cases, both ground-truth and estimated PM are illustrated and compared under various test
conditions. This section concludes with the illustration of HPM of actual natural voice signals, and
the explanation of its usefulness in demystifying the phasegram of a representative periodic signal.
Finally, Section 4 concludes this paper with a summary of the most significant concepts and results
presented, in addition to a perspective on further research and application scenarios.

2. Robust DFT-Based Phase Estimation of Individual Sinusoids

Our purpose in this section is to estimate the starting phases (¢,) of all sinusoids in a harmonic
signal, as in (1), after the signal has been subject to simple uniform sampling as in (3), multiplied by a
window (w[n]), and the result is transformed to a discrete-frequency Fourier domain such as (4). As
we admit in Section 1.1, and as it is illustrated in Figure 1 and in Figure 2, we rely on a pre-existing
harmonic analysis framework that is able to deliver not only an accurate fundamental frequency
estimate (wy), but also harmonic magnitude estimates (A;). In our simulations, in this paper, we use
ground-truth test signals such that those parameters are known beforehand. This is equivalent to
assuming that these parameters are estimated without error.

Given a certain magnitude spectrum describing a harmonic signal, it is very tempting to think that
the estimated harmonic starting phases can be taken as the phases of the DFT spectral lines (or DFT bins)
corresponding to local maxima in the magnitude spectrum. In other words, if X[k], k =0,1,...,N —1,
represents the Fourier spectrum of the windowed harmonic signal, and if k; =argmax |X[k]|, with

k

£=0,1,...,L —1, denotes a DFT bin index representing a local maximum in the magnitude spectrum
and corresponding to harmonic /, it is very tempting to believe that ¢, can be estimated as ¢, = /X[k/].
In fact, this equation is not correct given that estimations must take into consideration the specificity
of the time-frequency transformation, the specificity of the window, and the relation between each
spectral peak in the magnitude spectrum and the fundamental frequency.

As an important contribution of this paper, this section highlights that phase estimation does
not depend on accurate frequency estimation of individual sinusoids. In fact, as stated by Rife and
Boorstyn, most practical DFT-based accurate frequency estimators involve a two-step approach: a
coarse search that is followed by a fine search [10]. The first step is almost trivial as it involves only
peak picking and the second is what determines the accuracy of the frequency estimator [4]. Usually,
sinusoidal magnitude estimation depends on the result of the fine search step in frequency estimation
and, as consequence, the accuracy of the former depends on the accuracy of the latter. In this section,
we show that accurate phase estimation does not depend on this fine search step in frequency estimation
and, therefore, its accuracy depends mainly on the severity of the SNR.

In order to illustrate different possibilities, we consider six cases that result from the combination
of two different DFT-based filter banks, and three different windows.

In order to simplify results and in order to facilitate their comparison, in all six cases we consider
the analysis of just one harmonic sinusoid in (1), i.e. we consider that after sampling according to (3),
our signal is

x[n] = Aysin (wyn + ¢;) + s[n] . (5)
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In this equation,
2r
we = WTs = 7 (ke + A0) (6)

where k/ represents the bin index (or sub-band channel) corresponding to a local maximum in the
magnitude spectrum, and Ay represents fractional frequency. Depending on the type of the T-F
transformation, and depending on the window that is used, the continuous interval of A, may be
either [—0.5,0.5[ or [0.0, 1.0[. The rationale for this will be explained next.

2.1. DFT and the Rectangular window
In this subsection, the frequency-domain representation of our sinal (5) is obtained by computing
the DFT according to (4) when the window is the Rectangular window:
wn] =wg[n]=1,n=0,1,..., N—1. )
Figure 3 represents the magnitude of the frequency response of the Rectangular window, i.e.,
[ Wi (6)] = [N wrmle
such that the maximum gain is the unity. Two other frequency responses are also represented in Figure

3 that will be discussed in subsequent subsections. The frequency axis in Figure 3 is normalized by
27t/ N such that integer numbers in this normalized axis can be read as bin index in a DFT filter bank

,in the range —87/N < w < 87 /N, and after a gain normalization

interpretation.

; FREQUENCY RESPONSES
oA ~ RECTANGULAR
0.9l Foy HANNING
08}
07}

o
[s2]
T

NORMALIZED GAIN
=} <)
S o
T T

©
w
T

o
n
T

0.1

Figure 3. Normalized magnitude of the frequency response of the Rectangular, Sine and Hanning
windows in the range —871/N < w < 87/ N. The frequency axis (w) is normalized by 27t/ N.

Given that both x[n] and w[n] in (4) are real-valued, then X[k] is known to be conjugate-symmetric,
ie, X[k] = X*[N—k|,k=1,2,...,N/2 —1, where (-)* denotes complex-conjugation. This means
that the information provided by X[k| that is unique lies in the range k = 0,1,...,N/2. Using
Euler trigonometric relations and ignoring the Dirichlet kernel (i.e., a function having the form
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sin()/ sin(8/N)) that is centered outside this range of k and that causes spectral leakage, we are left
with

sin7t(ky + Ay — k)
sin (kg +Ap—k)

X[k] ~ ée]'@’r%+ﬁ(kz+Az*k)(1*%)) 8)
2

Given that the width of the main lobe of the frequency response of the Rectangular window is 47t/ N,

as it is apparent in Figure 3, then, depending on the value of Ay, at most two spectral lines having a

non-zero magnitude fall within that main lobe width. If A, € [—0.5,0.5[, then the spectral line k = k;

corresponds to a local maximum in the magnitude spectrum, as it is illustrated in Figure 4.

| X k]|

| | >
ky k ky k ke kp+1 K

Figure 4. When A, € [—0.5,0.5[, the magnitude spectrum of the DFT of a Rectangular-windowed
sinusoid exhibits a local maximum for k = ky. The plots illustrate the case when Ay = —0.5 + € (left
plot), when Ay = 0.0 (plot at the center), and when Ay = 0.5 — € (right plot), where € < 0.5 is a small
real positive number.

This means that this spectral line is more likely to be less affected by noise and leakage, which
makes it particularly suitable for phase estimation. In fact, if k = ky, then from (8) we obtain ZX[k/] =

¢ — F + 1Ay (1 — %),which leads to

b0 = /X[k;] + g Y (1 . ;) . )
Despite being usable, this result presents one practical difficulty since it requires that the fractional
frequency be first estimated as accurately as possible [4,15]. This means that frequency estimation
errors may propagate to the phase estimation. In order to avoid this, a more robust approach is
available if, instead of estimating phase with respect to the origin of the time segment, estimation is
performed with respect to the group delay of the DFT filter bank. Given that the window is symmetric,
the group delay is constant and is given by T = (N — 1) /2. Therefore, using this result and using (6)
and (9), we obtain

N T 1
¢y = L X[ke] + 5 TTAy (1 — N) + wyT
T 1
= [Xlk] + 5 + 7tk (1 - N) , (10)

which represents a more robust phase estimator that just depends on the bin index of the spectral line
corresponding to the local maximum, and on the phase of that spectral line.

A perspective on the estimation error that is associated with (10) can be given by a simple metric
that evaluates the cumulative distance, or error, between the estimated 43, and the corresponding
ground-truth value, ¢, when the latter varies in the range [, 7. For illustration purposes, we use
the error metric as in (11), we create a ground-truth signal using (5), and configure the noise (s[n]) such
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that the SNR is 30 dB in one case, and 10 dB in another case. In each case, we evaluate the cumulative
phase estimation error as a function of the fractional frequency, A,.

7
ERROR = /

—7T

‘ej‘f’ - e]“f” d¢ (11)

Figure 5 represents the results when N = 128 and ¢ = 13.

.10? DFT-RECT, SNR=30 dB 0045 DFT-RECT, SNR=10 dB

2 L'H 0.04 t
10 "||\ 008 Iﬁ 'l'ﬂ ‘J

|
\ " \V
0025 Ly '

0.02
-0.5 Q 0.5 0.5 0 05

14

ERROR
o
—

Figure 5. Cumulative phase estimation error as a function of the fractional frequency Ay, when the
DFT and the Rectangular window are used. In the illustrated cases, N = 128, ¢ = 13, SNR=30 dB (left
panel) and SNR=10 dB (right panel).

It can be seen that the estimation error distribution is consistent with the relative magnitudes
of adjacent spectral bins as illustrated in Figure 4. In fact, when A, approaches —0.5, or 0.5, the
cumulative error increases relative to the case when Ay = 0, which is a consequence of the fact that
the magnitudes of two adjacent spectral lines become comparable and significantly lower than the
maximum value they can reach (when A, = 0), which not only exacerbates leakage effects, but also
increases vulnerability to the noise influence. Due to the specific frequency response of the Rectangular
window, as Figure 3 and Figure 4 highlight, then, when Ay, = 0 and the SNR is infinity, the spectral
leakage is zero and phase is estimated without error. The Matlab code generating Figure 5 is available
(estimatePHASE_DFT_rect.m), which facilitates that other values of N, ¢, or SNR can be tried.

2.2. DFT and the Sine and shifted Hanning Windows

Other windows offering a better main-to-side lobe attenuation when compared to the Rectangular
window are frequently used in spectrum estimation and FIR filter design [13]. Although standard
Hamming or Hanning windows could be used in our analysis, we use two convenient windows that
happen to be related, and that are especially important in perfect reconstruction filter banks [16,17],
such as those that are frequently used in audio coding and general analysis-synthesis [18]. One window
is known as the Sine window and is defined as

ws[n] = wH[n]:sin%(n—l-O.S),n:0,...,N—1, (12)

where wy [n] represents the shifted Hanning window that is defined as

wH[n]:;{1—cos22\7;(n+0.5)},nzO,...,N—l. (13)

When the Sine window is used in the DFT analysis according to (4), where x[n] is a noisy sinusoid
given by (5), then, using an approach that is similar to that used in the previous subsection, the
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spectral line corresponding to the relevant local maximum in the magnitude spectrum (| X[k/]|) can be
approximated by

X[ky] ~ %ej(w*ngnAf(l*N))F(Az) , (14)

where

sin 7t (A@—i—%) sinr[(Ag— %)
sin § (Ag+%) sin % (Ag — %)
In the case of the shifted Hanning window, the local maximum in the magnitude spectrum can be
approximated by

F(Ay) = (15)

A

X[k,] ~ Zef(f/’r%ﬂw(l*%))cw) ) (16)

where

B 2sin Ay sinmm(Ap+1)  sinm(Ay—1)

Ay) = . 17
G(a) sinZA;  sinZ (Aj+1)  sinZ (A —1) {17)

It can be easy concluded that the F(Ay) and G(Ay) functions have the same polarity when A, €
[—0.5,0.5[ and, thus, they do not affect the phase in this particular range of Ay. On the other hand,
comparing (14), (16), and (8) when k = k/, it can be concluded the phase is governed by the same
function, which is a consequence of the fact that all three windows share the same linear-phase property,
and the same group delay. This also means that in all three cases the phase can be estimated using
Equation (10), although the quality of the phase estimation depends on each window due to its specific
near-end and far-end leakage properties.

As it is apparent in Figure 3, the width of the main lobe of the frequency response is 671/ N in the
case of the Sine window, and 87t/ N in the case of the shifted Hanning window [4,8]. This implies that,
depending on the value of A, at most three spectral lines having a non-zero magnitude fall within that
main lobe width of the Sine window frequency response. In the case of the shifted Hanning window,
the number of spectral lines is four. As in the previous subsection, if Ay € [—0.5,0.5[, then the spectral
line k = k; corresponds to a local maximum in the magnitude spectrum when the Sine window or the
shifted Hanning window are used. Figure 6 illustrates the case corresponding to the Sine window.

| X k]|

. . |
k, k ky k ke kp+1 K

Figure 6. When A, € [—0.5,0.5[, the magnitude spectrum of the DFT of a Sine-windowed sinusoid
exhibits a local maximum for k = k;. The plots illustrate the case when Ay = —0.5 + € (left plot), when
Ay = 0.0 (plot at the center), and when A, = 0.5 — € (plot on the right), where € < 0.5 is a small real
positive number.

Although this figure resembles Figure 4, two important aspects are worth noting. First, the side
lobe attenuation decay (not shown in these figures) is stronger for the Sine window, when compared
to the Rectangular window [4]. Second, because the main lobe of the frequency response of the Sine
window is wider than the main lobe of the Rectangular window, this means that when Ay is such that
the magnitudes of the spectral lines k = k; — 1 and k = k;, become comparable, or the magnitudes
of the spectral lines k = k; and k = k; + 1 become comparable, these magnitudes are closer to the
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maximum value they can reach (which takes place for A, = 0.0) than what happens for the Rectangular
window. These concurrent reasons make that relative to the case of the Rectangular window, phase
estimation using the Sine window is likely to be more immune to the noise influence, and to suffer
less leakage effects. This can be confirmed by making a simple study on the phase estimation error, as
it was described in the previous subsection for the Rectangular window. Using the same simulation
conditions, and using the same phase estimation function (Equation (10)), we obtain the cumulative
phase estimation error results that are illustrated in Figure 7.

.10 DFT-SINE, SNR=30 dB S DFT-SINE, SNR=10 dB

hl }l 0.032,1‘

: SIJH'IMMl ILJ 0.03 I"'] h 'u

LTS ’] \.u
M | e i 'W | ,Awu”

0.024

2 0022
05 -0.5 1] 045

a
Ay Ay

Figure 7. Cumulative phase estimation error as a function of the fractional frequency Ay, when the
DFT and the Sine window are used. In the illustrated cases, N = 128, ¢ = 13, SNR=30 dB (left panel)
and SNR=10 dB (panel on the right).

When compared to the results in Figure 5, it can be concluded that phase estimation appears to
be more accurate when the Sine window is used, especially when the SNR is high, which is a natural
consequence of the smaller leakage caused by this window. Results are similar if the shifted Hanning
window is considered instead. As we shall see in Section 2.5, more informative conclusions will emerge
from a study of the phase estimation error variance.

2.3. ODFT and the Rectangular window

An N-point DFT corresponds to a filter bank whose N sub-bands are ‘evenly stacked’, i.e., their
center frequencies correspond to % (2k), k = 0,1,...,N — 1. An alternative option involves ‘oddly
stacked” sub-bands, i.e., their center frequencies correspond to % (2k+1),k=0,1,...,N — 1. In this
case, the time-frequency transformation results as

N-1 .
X[k = Y x[njwlnle ¥ () k=0,1,... N1, (18)

and is known as Odd-frequency DFT, or just Odd-DFT [19]. We also abbreviate this designation
to ODFT. Although it is not too much different from the basic DFT, it has several advantages that
make it preferable in certain contexts. For example, assuming that the window is real-valued and
symmetric, and if x[n] is also real-valued, then the conjugate-symmetric property is expressed as
Xkl = X*IN—-1—-k],k =0,1,...,N/2—1, ie, only N/2 values of X[k| are unique, instead of
N/2+1, as in the case of the DFT. This subtle difference facilitates, for example, signal modification
by avoiding the special cases of the DFT corresponding to k = 0 and k = N /2. For example, the ODFT
facilitates signal integration in the frequency-domain because none of the sampled frequencies is zero,
which avoids the singularity that occurs in the case of the DFT when k = 0 [20].
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When the sinusoidal signal (5) is multiplied by the Rectangular window (7) and the result is
ODFT transformed, then the relevant maximum that exists in the magnitude spectrum and that occurs
for k = ky, is given by

sin 7t (A — %)

. 1\ °
sin 5 (Ag — j)
However, in this case, the fact that the sampled frequencies of the ODFT rotate by 7t/ N relative to
those of the DFT, makes that the phase can be estimated from the same local maximum as long as

Ay € ]0.0,1.0[. This means that the illustration of the spectral magnitudes surrounding the local
maximum in Figure 4 is also valid in this context, except that it applies to this new A, range. Under

this assumption, from (19) we obtain /X[k)] = ¢, — 5 + 7 (A[ - %) <1 - %), which leads to

sor(ee) (7).

As in the previous two subsections, we can avoid the dependence on the prior estimation of A, by
considering a time reference corresponding to the group delay of the window, which implies adding
wyT to (20), i.e.,

X[k/] ~ ol (= F+7(8=3)(1-%)) (19)

N

¢ = L X[ky] (20)

~

$e

7T
+o -

For(32) (=) e
ZXRA+N<1—£L>+NM(L—;).

Although this result is different from the one discussed in the previous two subsections, it reveals
the same important property that phase estimation depends on the spectral bin index of the local
maximum in the magnitude spectrum, instead of the fractional frequency A,, which adds robustness to
the phase estimation process. Figure 8 shows the cumulative phase estimation error that results from
(21) when the test conditions are the same as those that are considered in Section 2.1 and Section 2.2.

£X[k]

(1)

.10 Y0ODFT-RECT, SNR=30 dB
4

ODFT-RECT, SNR=10 dB
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Figure 8. Cumulative phase estimation error as a function of the fractional frequency Ay, when the
ODFT and the Rectangular window are used. In the illustrated cases, N = 128, ¢ = 13, SNR=30 dB
(left panel) and SNR=10 dB (right panel).

When the results in Figure 8 are compared to the results in Figure 5, it can be seen that no major

differences exist, as expected (essentially because the same window is used), although the results in
Figure 8 are slightly better. This is explained by the fact that the ODFT implicitly performs a small
frequency modulation (i.e., an upshift in frequency by 7t/ N) of the input signal, which improves
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the frequency separation between the two Dirichlet kernels, and this slightly reduces the mutual
interference due to leakage.

2.4. ODFT and the Sine and shifted Hanning Windows

When we compute the N-point ODFT (Equation (18)) of the sinusoid (5) and take for w[n] the
Sine window (Equation (12)), a relevant local maximum exists in the magnitude spectrum | X[k/]| at
k = ky whose spectral coefficient can be approximated by

X[k] =~ %EJ(W—%M(AF%)(1—%))H(A€) ) (22)

where
sinntA,  sinm(A,—1)

sin A, sing(Ap—1)°

H(A) = (23)

In the case of the shifted Hanning window, the local maximum in the magnitude spectrum can be
approximated by

X[k,] ~ %ef(fl’r%ﬂf(w*%)(l*%))G(Ag) , (24)
where

G(Ay) =2

sin 77 (Ag _ %) sin 7T (Ag =+ %) sin 7T (Ag - %) (25)
2

sin (Ag — %) sin (Ag + %) sin 5 (A0 —3) .

Given that both (23) and (25) are always positive when A, € [0.0,1.0], they do not affect phase in this
range of Ay.

Equations (22) and (24) show that the phase of the ODFT spectral line corresponding to the local
maximum is the same as that already found for the ODFT and Rectangular window combination. As
noted previously, this is expected given that all three windows share the same linear-phase property,
and the same group delay. As a consequence, phase can be estimated using Equation (21) although it
remains true that the quality of the phase estimation depends on the specific near-end and far-end
leakage properties of each window.

Taking the Sine window as an example, Figure 9 shows the cumulative phase estimation error
arising from phase estimation according to (21) and taking into consideration the processing conditions
in this section.

o | =]

. SVHﬂ LI "
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Figure 9. Cumulative phase estimation error as a function of the fractional frequency Ay, when the
ODFT and the Sine window are used. In the illustrated cases, N = 128, { = 13, SNR=30 dB (left panel)
and SNR=10 dB (right panel).
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When the results in Figure 9 are compared to the results in Figure 7, our results here are slightly
better despite the fact that both relate to the same window. As pointed out in the previous section, this
is due to the fact that the ODFT promotes a wider separation between Dirichlet kernels, which means
that leakage effects become weaker. Results for the shifted Hanning window do not differ significantly.

Matlab code is available (estimatePHASE_ODFT_sine.m) that creates results and displays Figure 9 .

2.5. Bias and Variance of the Phase Estimation Error

We complete this section (Section 2) with an assessment of the bias, and of the variance of the
phase estimation error that results from the estimators that are explained in Section 2.1 (Equation 10),
and in Section 2.4 (Equation (21)). Bias is computed using mean{¢ — ¢}. Variance is computed using
var{¢ — ¢}, and and we take as a reference the Cramér-Rao lower bound (CRLB) for an unbiased
phase estimator [21, page 33]. Assuming that both magnitude and frequency of the sinusoid are known
—which is true in our simulations—, this CRLB is given by

2
var(p— ) = o0, 6)

where ¢? is the variance of real-valued white Gaussian noise.

As the results in Figure 5 and in Figure 9 make clear, the phase estimation error is influenced
by —although it does not directly depend on- the fractional frequency Ay, which we represent in this
context simply as A given that we are considering just one sinusoid. Hence, we evaluate the bias and
variance of the phase estimation error in two almost extreme situations: when A = —0.49 or when
A = 0.00 in the case of the estimator given by Equation (10), and when A = 0.01 or when A = 0.5 in
the case of the estimator defined by Equation (21). In our simulations, N = 128 and ¢ = 13. Results are
obtained when the SNR varies from 0 dB to 30 dB in steps of 2.5 dB. For each particular SNR value, the
bias and variance of the phase estimation error are computed when ¢ varies between —7 and 47 in
200 steps and, at each step, stable statistics are reached after 100 Monte Carlo runs accounting for noise
contamination.

Figure 10 displays representative results regarding bias. Results reveal that in all six cases bias
reduces as the SNR increases, as expected. However, there is not a specific combination of DF-based
filter bank and window that stands out. This remains true even after repeating the simulations,
although a relative degradation can be observed for the tested Rectangular window context (i.e., DFT
filter bank and Rectangular window) under more adverse A conditions (i.e., when A approaches -0.5
ou 0.5), which is easily explained by the poor leakage characteristics of the Rectangular window.
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Figure 10. Mean over 100 Monte Carlo runs of the phase estimation error when N = 128, ¢ = 13, and

when A takes on two extreme values depending on the estimator.

In general, it can be concluded that bias is fairly low, in the order or less than 1E-3 radians for
SNR equal to or larger than 2.5 dB. This represents less than 0.016% of the 27t dynamic range.
The most significant results regard estimation error variance and are shown in Figure 11.
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Figure 11. Variance of the phase estimation error when N = 128, ¢ = 13, and when A takes on two
extreme values depending on the estimator. The Cramér-Rao lower bound is also represented although
it is not too visible since it is overlapped by the DFT-RECT results when A = 0.0.

It is an interesting and somewhat unexpected outcome that the Rectangular window gives rise to
the best results when the tested A conditions are more favorable (i.e., when A = 0.0), and to the worst
results when the tested A conditions are more adverse (i.e., when A = —0.49). In the former case, the
performance reaches the CRLB because in that ideal case there is no leakage, as already noted at the
end of subsection 2.1, which means that the error variance is entirely due to the noise contamination.
It should be noted that in practice, this rarely happens with real-world, natural, signals as it is quite
unlikely that the analyzed frequencies are exactly aligned with the center frequencies of the sub-bands
of the DFT-based filter bank. In the latter case, the performance shown by the same estimator is quite
poor, which reveals that, in that case, leakage effects due to the Rectangular window are quite strong,
as the results in Figure 5 and Figure 8 anticipated. In particular, the performance becomes asymptotic
when the SNR exceeds 10 dB, which is commensurate with the known main-to-side lobe attenuation
of the Rectangular window;, in the order of 13 dB [13].

The performance of the Sine and shifted Hanning windows fall in between the two extreme cases
associated with the Rectangular window. In particular, for the same DFT-based filter bank and A
conditions, the error variance performance of the Sine window clearly exceeds that of the shifted
Hanning window in the sense that a closer approximation to the CRLB is reached. This is more evident
under the more favorable A test conditions (e.g., when A = 0.5), than under the more adverse A test
conditions (e.g., when A = 0.01).

A possible explanation may be linked to the relationship between the main lobe width of the
magnitude of the frequency responses of those two windows, the relative prominence of the spectral
coefficients inside that main lobe and associated with the discrete-frequencies defining the different
DFT channels (or sub-bands), and the near-end and far-end leakage properties of each window.

The most impactful implication of these results is that under more general test conditions, the
phase estimation error performance of the Sine window is not only closer to the CRLB, but also offers
a lower deviation when signal conditions are more adverse. For these reasons, it can be considered
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that the performance of the Sine window is better behaved and, thus, it will be used in the remainder
of this paper.

As a final note, it should be highlighed that changing ¢ in the simulations produces a marginal
effect on the results. In particular, when ¢ = N /4 — 1, which corresponds to the ‘sweet spot’ given that
leakage effects are minimized, results do not differ appreciably from those in Figure 11. The Matlab
file generating and displaying the results in Figure 10 and Figure 11 is available (CRLBphivar.m) such
that other combinations of parameters can be tried.

3. An Interpretable Time-Shift Invariant Harmonic Phase Model

In this section, we take advantage of phase estimation of individual sinusoids using the signal
representation in a discrete-time and discrete-frequency Fourier domain, as it was discussed in the
previous section, especially SubSection 2.4. The objective is to identify a vertical harmonic phase model
that is time-shift invariant, and that can be approximated by a simple parametric model.

In our development in this section, we use the deterministic part of (1) taking into consideration
the harmonic relationship given by (2). Thus, in our analysis, we use

L-1
x(t) = ; Agsin ((€41) Qot + )
=0
L-1
= ZA[Sin((g—Fl)Qo(t—l-tg))
(=0
= Agpsin (Qo(t + to)) + U(f) , (27)

where t; represents the starting delay of harmonic ¢, and v(t) represents all harmonics above the
fundamental frequency. If Qg = 271/ Ty, where Tj is the fundamental period, i.e., the reciprocal of the
fundamental frequency (Fp), a convenient manipulation of v(t) leads to

ot) = T Apsin((04+1)Oo(t+ 1)
g
= ezzlAeSin((f—l—l)Qo(t—i—to—to—i—té))
= ty — to
= K;Azsm((€+1)Qo(t+to)+2n,ro/(€+1))
= iZlAESiH((€+1)Qo(t+t0)+27TNRDZ), (28)
(=1

where NRD; denotes the Normalized Relative Delay of harmonic ¢, and is defined as

NRD, — _ft—fo ¢ (L+1)¢o (29)

To/(C+1) 27

NRDy expresses the difference between the starting delay of harmonic ¢, and the starting delay (i.e.,
the onset) of the fundamental frequency, which is further normalized by the period of harmonic
£ [22]. Therefore, in its most intuitive interpretation, NRD can be taken modulo 1, which means
that NRD, € [0.0,1.0[. Equation (29) allows two other important conclusions. First, by definition,
NRDy = 0. This means that, by definition, the NRD phase-related feature is intrinsically time-shift
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invariant. Second, as the second part of (29) highlights, the NRD does not depend on the fundamental
frequency. Therefore, we may rewrite (27) as

L-1
x(t) =Y Agsin((€+1)Qo(t+tg) +2nNRDy) , (30)
(=0
which highlights the fact that, in terms of phase, all harmonics can be expressed as a part that depends
on the time-varying phase of the fundamental frequency, and on its starting phase, and another part,
the NRD, that is time-shift invariant. Thus, the NRD acts as a holistic harmonic phase model that is
identified in Figure 2 as PM.

Other harmonic phase descriptors that are similar to NRD were proposed by Stylianou in 1996
(phase envelope [23, page 44]), Di Federico in 1998 [24], and Saratxaga in 2009 (Relative Phase Shift
-RPS [25]).

An inspiring metaphor from Nature and elucidating on the meaning of NRD is depicted in Figure
12.

L
kil |

¥
¥

Figure 12. An inspiring metaphor from Nature: NRD can be regarded as being similar to the
space-invariant bird formation structure in a flock that is represented by the line connecting the
birds in the upper branch of the illustrated flock.

Each bird in the flock formation is like a harmonic in a harmonic structure, and the dynamics
of the wings of the former, is like the dynamics of the phase rotation of the later. The NRD feature
represents a shift-invariant harmonic phase structure, similarly to the space-invariant bird formation
structure of the flock that is represented by the line connecting the birds in the upper branch of the
flock. Ultimately, the whole flock flying dynamics are governed by the position and wing evolution of
the leading bird in the flock, inasmuch as the whole harmonic dynamics are governed by the phase
evolution of the fundamental frequency in the harmonic structure.

On the other hand, since the NRD inherits the properties of phase, then phase wrapping and
phase unwrapping also apply to NRD feature vectors. It should be noted, however, that in this case,
phase (un)wrapping is vertical, meaning that it is performed along the frequency axis, as apposed to
the time axis, which is by far the most common use of phase (un)wrapping operations.

As a summary, the NRD captures the vertical phase structure (i.e., along the frequency axis) of all
the harmonic sinusoids, which just depends on the waveform shape of the periodic signal they define.
It should be stressed that when (vertical) harmonic magnitude and (vertical) harmonic phase structure
are combined, they uniquely define the waveform shape of a given periodic signal, independently of
its time-shift, and of its fundamental frequency.
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In the next three subsections, we take inspiration from [20] in order to demonstrate the practical
estimation of three different NRD feature vectors that characterize three different waveforms, all of
them emerging from the sawtooth wave.

3.1. NRD Estimation Example Based on the Sawtooth Wave

In this subsection, and throughout the rest of this paper, we use a convenient ground-truth signal
that consists in the sawtooth waveform. In order to work with realistic NRD estimation conditions, the
fundamental frequency (F) is time-varying, and two levels of noise contamination are considered.

Regarding the time-varying fundamental frequency, we take the average pitch frequency between
female and male human speakers, which is around 150 Hz, and subject it to frequency-modulation
(FM) as specified in Equation (31).

Fy(t) = 150.0 + FM cos (27t - FM - t) (31)

In our simulations, we consider two FM values: FM=2.5 Hz, and FM=0.25 Hz. These cases of maximum
frequency deviation around the mean are illustrated in Figure 13.
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Figure 13. Two FM deviation cases that characterize the test signals: FM=2.5 Hz (solid line) and
FM=0.25 Hz (dashed line).

The sawtooth waveform is illustrated in Figure 14 for two noise contamination scenarios that we
consider in our simulations: when it is mild (SNR=30 dB), and when it is strong (SNR=10 dB).

SNR=30dB

AMPLITUDE

06 . . . . . . .
0 20 25 30 35 40
TIME (ms)

SNR=10dB

AMPLITUDE

06 . . . : . . .
0 20 25 30 35 40
TIME (ms)

Figure 14. Illustration of the influence of noise on the sawtooth test signal when SNR=30 dB (upper
panel), and when SNR=10 dB (lower panel).
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In our simulations, the sampling frequency is 22050 Hz, the duration of the test signals is 1 s,
and the number of harmonics is L = 20. Time-frequency transformation is performed as discussed in
Section 2.4, with N = 1024, and 50% overlap between adjacent frames.

Using standard Fourier analysis [12], it is easy to show that the starting phases of the sawtooth
waveformin (1) areall ¢, =0, £ =0,1,...,L — 1, which means that the harmonic phase structure is
simply givenby NRD;, = 0,¢ =0, 1,...,L — 1. On the other hand, the normalized harmonic magnitude
ratios that express the harmonic magnitude structure of the sawtooth waveform are simply given by

AZ/AOZH%,Ezo,l,...,L—l. (32)
Given that we have access to the ground-truth value of the instantaneous fundamental frequency,
as specified by (31), and by adopting the frequency front-end that is assumed in SubSection 2.4 (i.e.,
ODFT and Sine window), we may easily obtain the ground-truth spectral indices (k;) of all 20 local
maxima in the ODFT magnitude spectrum. These indices allow us to estimate the individual harmonic
phases as specified by (21) and, from these, we estimate the NRD coefficients for all harmonics. By
vertically unwrapping these coefficients, we obtain interpretable representations which are amenable
to simple parametric modeling.
Figure 15 represents an overlay of the magnitude spectra and unwrapped NRD vectors of our test
signal when the maximum frequency deviation around the mean is 0.25 Hz, and the SNR is 30 dB.

SNR=30dB, FM=0.25Hz

a
S5t

Ll N1 o I I S—
0 500 1000 500 2000 2500 3000 3500
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1 L s L L s L L L L |
8 10 12
HARMONIC INDEX

Figure 15. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors
(lower panel) of a sawtooth signal that is FM modulated (0.25 Hz deviation around the mean) and
whose SNR is 30 dB.

It can be seen that, as expected, the magnitude spectra are aligned in a very consistent way
because the FM modulation is small, and the SNR is high. On the other hand, it can also be seen
that the unwrapped NRD vectors are also very closely aligned to the ideal ground-truth model
(NRD; =0, /+1=1,2,...,20).

Figure 16 repeats the overlay representation when the SNR is 10 dB. It can be seen that higher-order
harmonics are strongly contaminated by noise, especially when their magnitude approaches the noise
floor, which adversely impacts the accuracy of phase estimation.
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SNR=10dB, FM=0.25Hz
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Figure 16. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors
(lower panel) of a sawtooth signal that is FM modulated (0.25 Hz deviation around the mean) and
whose SNR is 10 dB.

This is clear in Figure 16 because the unwrapped NRD vectors deviate more from the ideal
ground-truth model as the harmonic order increases. Still, their average follows the correct model.
Figure 17 represents the results when SNR=30 dB and FM=2.5 Hz.

SNR=30dB, FM=2.5Hz
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Figure 17. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors
(lower panel) of a sawtooth signal that is FM modulated (2.5 Hz deviation around the mean) and whose
SNRis 30 dB.

It can be seen that, in this case, the blurred aspect of higher order harmonics in the magnitude
spectrum is a natural consequence of the fact that the frequency deviation is proportional to the
harmonic order. In particular, for ¢ = 19, the maximum frequency deviation around the mean is 50
Hz, which represents 1/3 of the average fundamental frequency. It can be confirmed that in spite of
the frequency modulation, the dispersion on the unwrapped NRD vectors is quite small, and quite
comparable with the one that is observed in Figure 15, in which the frequency modulation is negligible.
This relevant experimental outcome unequivocally confirms that the NRD phase-related feature is
intrinsically independent of the fundamental frequency. In other words, the stability of the estimated
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unwrapped NRD vectors reflects mainly the fact that the waveform shape of the periodic signal that is
observed in each frame of the signal does not change appreciably.
When FM=2.5 Hz and SNR=10 dB, new results are obtained that are represented in Figure 18.

SNR=10dB, FM=2.5Hz
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Figure 18. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors

(lower panel) of a sawtooth signal that is FM modulated (2.5 Hz deviation around the mean) and whose
SNRis 10 dB.

It is easy to anticipate from the spectral magnitude representation that the strong noise influence,
when it is allied to the significant frequency deviation of high-order harmonics, paves the way for
serious difficulties in phase estimation, which is reflected on the substantial deviation of the unwrapped
NRD vectors relative to the ideal ground-truth model. In particular, phase estimation errors cause the
phase unwrapping algorithm to introduce sudden jumps of 0.5 on certain unwrapped NRD vectors.
However, mitigating strategies could be easily adopted that could detect and avoid such jumps.

The Matlab code that generates signals and creates the overlay representations, as illustrated
in previous figures, is available (gerawav_v4.m), which facilitates that results for other simulation
parameters be obtained.

3.2. NRD estimation examples based on the sawtooth wave derivative
The sawtooth wave is defined by (27) with ¢y =0, £ =0,1,...,L —1,i.e.
L-1
x(t) =Y Aysin((£+1)Qot) , (33)
(=0

where A,/ Ay is defined by (32). Its derivative is obtained as

d =1 27
—x(t) = Y Ap(L+1) == cos ((£+1) ot + ¢y)
dt =0 To
2o Lfsin (+1)00t+7) (34)
= 0 By 7
T, = 2
and its negative derivative is
iy = T Y (e+nou-7) (35)
a T L, & “T 2/
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The derivative of the sawtooth wave is illustrated in Figure 19 after magnitude normalization and after
it has been contaminated by white Gaussian noise at 30 dB and 10 dB SNR.

SNR=30dB
T

20 25 30 35 40
TIME (ms)

SNR=10dB
T

20 25 30 35 40
TIME (ms)

Figure 19. Illustration of the derivative of the sawtooth test signal when it is affected by noise at
SNR=30 dB (upper panel), and at SNR=10 dB (lower panel).

In the case of the sawtooth wave derivative, according to (34), it results that ¢, = /2, { =
0,1,...,L —1 and, in the case of the negative of the sawtooth wave derivative, ¢y = —7m/2, ¢ =
0,1,...,L — 1. As a consequence, using (29), in the first case we obtain

F-U+1)3% 12

NRDFZT:—ZJ:O,L...,L—L (36)

and, in the second case, we obtain

-Z+U+1)F ¢
2 2
== £ —_ (= .., L—1. 7
NRD, = 4,6 0,1,...,L—-1 (37)
We illustrate in Figure 20 the experimental results regarding the sawtooth wave derivative when

FM=2.5 Hz and SNR=30 dB.
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Figure 20. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors
(lower panel) of a sawtooth derivative signal that is FM modulated (2.5 Hz deviation around the mean)
and whose SNR is 30 dB.

It can be confirmed that the unwrapped NRD vectors match quite precisely the ground-truth NRD
model according to (36). This model is a simple first-order equation whose value is NRD = —4.75 for
£ = 19. This good match happens despite the fact that FM modulation is substantial, especially for
higher order harmonics. As noted in the previous subsection, this is a consequence of the fact that
NRD is intrinsically independent of the fundamental frequency.

Similar conclusions are obtained in the practical estimation of the negative of the sawtooth
derivative signal that is subject to FM modulation and noise contamination, as in the previous case.
The results, when FM=2.5 Hz and SNR=30 dB, are displayed in Figure 21.

SNR=30dB, FM=2.5Hz

UNWRAPPED NRD
S
T T T

o

=)
[N
~F
o

8 10 12
HARMONIC INDEX

Figure 21. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors
(lower panel) of the negative of a sawtooth derivative signal that is FM modulated (2.5 Hz deviation
around the mean) and whose SNR is 30 dB.

It can be confirmed that the estimated unwrapped NRD vectors follow quite closely the
ground-truth NRD model according to (37) and reaches NRD = 4.75 for ¢ = 19.

The simulation results for the sawtooth derivative signal, and its negative, when FM=2.5 Hz and
SNR=10 dB, are shown in Figure 22, and in Figure 23, respectively.
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SNR=10dB, FM=2.5Hz
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Figure 22. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors

(lower panel) of a sawtooth derivative signal that is FM modulated (2.5 Hz deviation around the mean)
and whose SNR is 10 dB.

SNR=10dB, FM=2.5Hz
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Figure 23. Overlay representation of magnitude spectra (upper panel), and unwrapped NRD vectors
(lower panel) of the negative of a sawtooth derivative signal that is FM modulated (2.5 Hz deviation
around the mean) and whose SNR is 10 dB.

It can be seen that, in both cases, the unwrapped NRD vectors show some dispersion which is
mainly caused by the increased noise floor, which affects phase estimation more severely. In any case,
even for this poor SNR level, there are no drastic mismatches relative to the ground-truth NRD model
that applies to each case.

These examples suggest that the unwrapped NRD can also be used to detect the polarity of
harmonic signals.

3.3. NRD Estimation Examples Using Natural Voice Signals

An example of NRD-based analysis with real-world signals involves voiced sounds, i.e., those
natural voice sounds that possess a periodic nature as a consequence of the vibration of the vocal folds
in the larynx. Figure 24a illustrates an overlay of NRD vectors resulting from a sustained vowel (22050
Hz sampling rate and 1 second long) that was uttered by a female speaker.
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coefficients.

Figure 24. Example of a harmonic phase model (a) and harmonic magnitude model (b) pertaining to a
female sustained vowel signal.

It can be seen that NRD vectors are very consistent up to harmonic 22, beyond which a dispersion
in the NRD vectors is apparent. This reflects the fact that phase estimation is disturbed after harmonic
22, which can be easily understood by observing one representative magnitude spectrum of the signal,
as represented in Figure 24b. In fact, it can be confirmed that harmonics 22 and 23, at around 5 kHz,
have a very small magnitude, which makes them particularly vulnerable to the noise influence, and
leakage effects, which obviously adversely affects phase estimation. In any case, the most important
harmonics are correctly characterized in their phase structure, which means reliable NRD models can
be built that can be used in parametric-oriented speech processing, as it is illustrated in Figure 2. Our
recent research, which assumes this framework, has revealed that when simple NRD modeling is used
in the synthesis process, signal reconstruction with transparent audio quality can be achieved, even if
the NRD region that exhibits dispersion is replaced by a simple line resulting from extrapolation based
on the reliable NRD region (i.e., for which the unwrapped NRD coefficients are consistent) [26,27].

A similar NRD analysis for a sustained vowel that was uttered by a male speaker is illustrated in
Figure 25a.
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coefficients.

Figure 25. Example of a harmonic phase model (a) and harmonic magnitude model (b) pertaining to a
male sustained vowel signal.

It can be seen that the NRD vectors are quite consistent up to harmonics 43-44 that are located
around 5 kHz. Figure 25b depicts one representative magnitude spectrum of the vowel signal and it
can be confirmed that, similarly to the previous case, the magnitude of those harmonics approaches
the noise floor, which makes phase estimation essentially unreliable.

However, the region of the unwrapped NRD vectors that span the most important voice
resonances can be reliably modeled. When this is combined with simple modeling of higher-order NRD
coefficients though interpolation, very high quality synthesis is achieved which sounds essentially
indistinguishable from the original signal [26,27].

Our recent research in parametric voice re-synthesis [27], wideband speech coding [28], and
speaker identification [29], highlighted that NRD patterns are idiosyncratic, and that they reflect more
strongly the influence of the glottal excitation (i.e., the glottal pulse) than the influence of the vocal
tract filter [20,26,30]. The fact that “the vocal tract phase during voicing is not important in achieving
naturalness” has been understood already in previous studies [31, page 208].

3.4. Demystifying the Phasegram

DFT-based non-parametric spectrum estimation techniques are commonly used to analyze,
represent and interpret the spectral properties of a given signal for which no strong assumptions are
made. Given that those spectral properties can be characterized in terms of magnitude and phase,
typically, 2-D plots and 3-D plots can be used in each case, although only seldomdly in the case of
phase representation.

In the case of the magnitude spectrum, also known as periodogram, a 2-D plot is simply obtained
as the absolute value of the short-time DFT of a windowed region of the signal as a function of the
frequency, as it is illustrated, for example, in Figure 15. The graphical representation can be linear, or
logarithmic, either in the horizontal or vertical axis, or in both axes.

When the goal is to observe how the magnitude spectrum evolves through time, a 3-D
representation is created by abutting several magnitude spectra, next to each other, and where a
colormap is used to represent Power Spectral Density (PSD). A new magnitude spectrum is obtained
by sliding the short-time DFT window over the signal by a certain hop size that, typically, is less than
the window length. Such a 3-D representation is known as spectrogram. Usually, the horizontal axis
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represents time, the vertical axis represents frequency, and the third dimension, which is perpendicular
to the time-frequency plane, is represented by a specific color of the colormap denoting a particular
PSD range. A simple example is illustrated in Figure 26a that corresponds to the first four harmonics
of a sawtooth signal and whose fundamental frequency is Fy = 187.34 Hz.
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Figure 26. Spectrogram (a), phasegram (b), and synthetic phasegram (c) characterizing the first 4
harmonics of a sawtooth waveform.

This particular example allows to conclude that the signal is stationary because the PSD is steady
through time. However, since spectrograms are blind to phase, it could happen that the waveform
may change its shape with time and may be quite different from the expected sawtooth waveform,
albeit the magnitude spectrum remains exactly the same. In other words, the phase structure of the
harmonics of the periodic wave may evolve with time. This can be detected by means of another
three-dimensional representation called phasegram. The idea of the phasegram is the same as that of
the spectrogram, except that the third dimension represents phase instead of power spectral density.

Although colorful and interesting to look at due to the repetitive patterns at different scales, the
phasegram is difficult to interpret and, therefore, is not very useful. An evidence of this is that common
signal processing-related numerical and graphical environments offer a callable ‘spectrogram’ function
but do not offer a “‘phasegram’ function.

Here, we want to demystify the phasegram in Figure 26b (and that is valid for a stationary
harmonic signal that is not too contaminated by noise) by showing that it is simply an eye-catching
representation of the result of phase interpolation at different scales, and where the information that is
unique is just the starting phase of the fundamental frequency, and a shift-invariant phase structure
such as NRD.

In fact, the different scales are simply caused by the phase rotation of the different harmonics. As
expected, the time evolution of the phase is periodic and, relative to the periodicity the fundamental
frequency, the time evolution for the second harmonic is two times as fast, three times as fast for the
third harmonic, and so on. Thus, according to Equation (30), the phase evolution in time regarding the
fundamental frequency is governed by Qg (t + fo) and the phase evolution in time for any harmonic ¢
is governed by (¢ + 1) Qo(t + to) + 2tNRD,, which highlights that the only phase-related parameters
that are unique are the starting phase of the fundamental frequency, and the NRD coefficients. This
explains the horizontal phase evolution for a given harmonic and whose local maximum in the
magnitude spectrum has index ky. The fact that phase changes abruptly at harmonic frequencies
between spectral index k; — 1 and ky is explained, for example, with the help of Equation (8). In
fact, such phase change is 77(1 — 1/N) which, in practical terms (i.e., for large N), consists in a phase
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inversion. Such a phase inversion does not occur for other spectral indices because, in those cases,
the polarity of the real-valued Dirichlet kernel function also inverts, thereby canceling out the phase
inversion.

The remaining spectral lines are ‘passive’ as far as phase is concerned, which means that their
phases are the result of a simple vertical interpolation between the phases of the “active’ spectral lines
(i.e. those corresponding to local maxima in the magnitude spectrum). In order to illustrate this, we
show in Figure 26c a simple replica of the phasegram of Figure 26b and that was built by defining
first the horizontal phase evolution of the harmonics, by performing phase rotation by 77(1 — 1/N) for
k¢ — 1 spectral indices, and by performing piecewise vertical phase interpolation for the remaining
spectral lines. This helps to reinforce the point —and conclusion- that in the case of stationary periodic
signals, the phasegram is a highly redundant graphical representation whose unique information is
just the starting phase of the fundamental frequency, and the NRD feature vector.

4. Conclusion

This paper has focussed on a harmonic signal analysis, modeling and processing paradigm that
eases significantly the representation, transformation and synthesis of harmonic signals, especially
from the point of view of the phase information.

In the first part of the paper, practical DFT-based approaches that build on a filter-bank perspective
were discussed for the estimation of the starting phases of individual sinusoids, and their performance
was characterized taking into consideration the CRLB for the variance of an unbiased phase estimator.
In particular, it was shown that contrarily to harmonic frequency and magnitude estimation, accurate
phase estimation depends only on ‘coarse search” and not on “fine search’, which makes the estimation
more robust. Six phase estimation alternatives were studied by combining two DFT-based filter banks
and three different window functions. Results were explained in a reproducible manner.

In the second part of the paper, it was shown that the starting phases of individual sinusoids
that are harmonically related may be converted into a phase-related feature (NRD) that expresses the
holistic phase structure of a harmonic signal, has the advantage of being time-shift invariant, helps to
explain the waveform shape of a quasi-periodic signal, and helps to provide insight into the physical
process that generates it.

Finally, it was shown that the unique information that exists in a phasegram resulting from a
stationary harmonic signal consists of the starting phase of the fundamental frequency and the NRD
feature vector.

Matlab code is provided that illustrates the most relevant concepts and results that are discussed
in the paper.

Many application scenarios may benefit from the results in this paper paving the way for new
research results, namely speech coding, pitch and time-scale modification of speech, singing, audio and
music; speech enhancement; whispered-speech to voiced-speech conversion and voice rehabilitation;
audio forensics; physiological signal analysis and diagnosis (e.g., using ECG signals); and monitoring
of the operation of mechanical systems using sound.
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Abbreviations

The following abbreviations are used in this manuscript:

CRLB Cramér-Rao Lower Bound

DFT Discrete Fourier Transform
ECG  Electrocardiogram

FFT Fast Fourier Transform

FM Frequency modulation

HPM  Harmonic Phase Model

MM Magnitude Model

NRD  Normalized Relative Delay

ODFT Odd-frequency Discrete Fourier Transform
PM Phase Model

SNR Signal-to-Noise Ratio

T-F Time-to-Frequency
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