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From STFT Magnitude
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Abstract—A noniterative method for the reconstruction of the
short-time fourier transform (STFT) phase from the magnitude
is presented. The method is based on the direct relationship
between the partial derivatives of the phase and the logarithm of
the magnitude of the un-sampled STFT with respect to the Gaus-
sian window. Although the theory holds in the continuous setting
only, the experiments show that the algorithm performs well even in
the discretized setting (discrete Gabor transform) with low redun-
dancy using the sampled Gaussian window, the truncated Gaussian
window and even other compactly supported windows such as the
Hann window. Due to the noniterative nature, the algorithm is very
fast and it is suitable for long audio signals. Moreover, solutions of
iterative phase reconstruction algorithms can be improved consid-
erably by initializing them with the phase estimate provided by the
present algorithm. We present an extensive comparison with the
state-of-the-art algorithms in a reproducible manner.

Index Terms—STFT, Gabor transform, phase reconstruction,
gradient theorem, numerical integration.

I. INTRODUCTION

HE phase retrieval problem has been actively investigated

for decades. It was first formulated for the Fourier trans-
form [1] and later for generic linear systems [2]. In this paper,
we consider a particular case of the phase retrieval problem;
the reconstruction from the magnitude of the Gabor transform
coefficients obtained by sampling the STFT magnitude at dis-
crete time and frequency points [3]. The need for an effective
way to reconstruct the phase arises in audio processing appli-
cations such as source separation and denoising [4], [5], time-
stretching/pitch shifting [6], channel mixing [7], and missing
data imputation [8].

The problem has already been addressed by many authors.
Among the iterative algorithms, the most widespread and influ-
ential is the algorithm introduced by Griffin and Lim [9] (GLA)
which inspired several extensions [10], [11] (FleGLA) and
[12], [13] (TF-RTISI-LA). For a detailed overview of the al-
gorithms based on GLA we refer the reader to the work by
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Sturmel and Daudet [14]. A different approach was taken by
Decorsiere et al. [15] (IBFGS). They expressed the problem
as an unconstrained optimization problem and solve it using
the limited memory Broyden-Flatcher-Goldfarb-Shanno algo-
rithm. It is again an iterative algorithm and the computational
cost of a single iteration is comparable to that of GLA. Other
approaches are based on reformulating the task as a convex op-
timization problem [16]-[19]. The dimension of the problem
however squares, which makes it unsuitable for long audio sig-
nals which typically consist of tens of thousands of samples
per second. Eldar et al. [20] assume the signal to be sparse in
the original domain, which is not realistic in the context of the
audio processing applications mentioned above. An approach
presented by Bouvrie and Ezzat [21] is based on solving a non-
linear system of equations for each time frame. The authors
proposed to use an iterative solver and initialize it with samples
obtained from previous frames. The algorithm is, however, de-
signed to work exclusively with a rectangular window, which is
known to have bad frequency selectivity.

The common problem of the iterative state-of-the-art algo-
rithms is that they require many relatively expensive iterations
in order to produce acceptable results. A non-iterative algorithm
proposed by Beauregard et al. [22] (SPSI) is based on the notion
of phase consistency used in the phase vocoder [6]. Although
the algorithm is simple, fast and it is directly suitable for the
real-time setting, it relies on the fact that the signal consists of
slowly varying sinusoidal components and fails for transients
and broadband components in general. Magron et al. [23] intro-
duced a similar algorithm based on phase unwrapping (PU). It
follows the same idea as SPSI for harmonic components but it
tries to treat the impulse-like components separately.

In this paper, we propose a non-iterative algorithm called
Phase Gradient Heap Integration (PGHI). The theory behind
PGHI has been known at least since 1979 when Portnoff [24]
presented a simple relationship between the partial derivatives of
the phase and the log of the magnitude of a STFT computed us-
ing a Gaussian window. Given the phase gradient expressed us-
ing the magnitude gradient and given the phase at one point, one
can invoke the gradient theorem to integrate and obtain the phase
elsewhere. To our knowledge, no such algorithm has been pub-
lished yet. In our previous work [25], we have presented a special
case of PGHI adapted to the real-time setting. The present paper
focuses on providing a complete mathematical treatment and
on a thorough comparison with other algorithms in the offline
setting. The aforementioned algorithms SPSI and PU are in fact
close to the PGHI algorithm since they both basically perform
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a simple integration of the estimate of instantaneous frequency
and in case of PU also of the local group delay, which are com-
ponents of the STFT phase gradient. Their approach however
cannot estimate the gradient at every time-frequency position
and the estimation requires analysing the spectrogram content.

In the spirit of reproducible research, the implementation of
the algorithms, audio examples, color version of the figures as
well as scripts reproducing experiments from this manuscript
are freely available at http://Itfat.github.io/notes/040. The code
depends on our Matlab/GNU Octave [26] packages LTFAT
[27], [28] and PHASERET available at http://ltfat.github.io and
http://Itfat.github.io/phaseret , respectively.

The paper is organized as follows. Section II summarizes
the necessary theory of the STFT and the Gabor analysis,
Section III presents the theory behind the proposed algorithm,
Section IV contains a detailed description of the numerical algo-
rithm. Finally, in Section V we present an extensive evaluation
of the proposed algorithm and comparison with the iterative
and non-iterative state-of-the-art algorithms using the Gaussian
window, the truncated Gaussian window, the Hann and the Ham-
ming windows.

II. GABOR ANALYSIS

The STFT and its sampled version, the Gabor transform,
are ubiquitous tools for audio analysis and processing. In this
section, we define essential formulas for the analysis and the
synthesis with respect to a generic window. We will further focus
on the properties of the Gaussian window, which is essential for
deriving the fundamental equations the PGHI algorithm is based
on.

A. STFT

The short-time Fourier transform of a function f € L*(R)
with respect to a window g € L?(R) can be defined as'

Vo f) (o, t) = /R i+ )g(r)e 2 dr, witeR, (1)

assuming both f, g are real valued. The magnitude and phase
components can be separated by

Mgf =1V, f| and <I>£ = arg (V, f), )

assuming arg(-) returns the principal value of the angle.
Using the modulation (€, f) (7) = 2™ . f(7) and transla-
tion (7; f) (1) = f(7 — t) we get the alternative representation
Vo) (@:t) = (. TiEo ).

The Gaussian function is a particularly suitable window func-
tion as it possesses optimal time-frequency properties (achieves
minimum time-frequency spread [3]) and it allows an algebraic
treatment of the equations. It is defined by the following formula

2

g (t) =7 = (Dysp) () 3)

where A € R™ denotes the “width” or the time-frequency ratio
of the Gaussian window and D,, is a dilation operator such that

'In the literature, two other STFT phase conventions can be found. The
present one is the most common in the engineering community.
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(D, f)(t) = f(t/a), a # 0. The Gaussian is invariant under the
Fourier transform (up to normalization) for A = 1 and we will
use the shortened notation ¢ = ¢, in the following text.

B. Discrete Gabor Transform—DGT

The discrete Gabor transform coefficients ¢ € CM*N of a
signal f € R” withrespecttoawindow g € R canbe obtained
as [29]

L,
c(m,n) =
l

form=0,....M —landn=0,...,N—1,M = L/bis the
number of frequency channels, N = L/a number of time shifts,
a is the length of the time shift or a hop size in samples in the
time direction and b is a hop size in samples in the frequency
direction and (I + na) is assumed to be evaluated modulo L.
Separating amplitude and phase also in the discrete case we get

—

F(I+nayg(De2rmt @

Il
o

c(m,n) = s(m,n) ~ei¢(m’”>, 5)

s denoting magnitude of the coefficients and ¢ denoting
their phase. In the matrix notation, we can write Cye. = F; f,
where cyee € CMY denotes the vectorized ¢ such that Cyec (m+
nM) = c(m,n) and F is a conjugate transpose of L x M N
matrix Fg (note that this matrix has a very particular block-
structure [30]). The DGT can be seen as sampling of the STFT
(both of the arguments w and ¢ and the involved functions f and
g themselves) of one period of L-periodic continuous signal f
such that

c(m, n) = (Vg f) (bm7 an) + A(m7 TL), (6)

for m=0,....M—1, n=0,...,N—1 where A(m,n)
models both the aliasing and numerical errors introduced by
the sampling. The range of m can be shrunken to the first
| M/2] + 1 values as the remaining coefficients are only dif-
ferent by complex conjugation. Moreover, the zero-frequency
coefficients (m = 0) are always real and so are the Nyquist-
frequency coefficients (m = M /2) if M is even.

Signal f can be recovered (up to a numerical precision error)
using the following formula

N-1M-1
f(l) _ Z Z c(m,n)ﬁ(l _ na)ei%rm(lfna)/ﬂl (7
n=0 m=0
for! =0,...,L — 1. In the matrix notation, we can write f =
Fjcyec. Here g is the canonical dual window, defined by
~ wy—1
g=(FsFy) g ®)

See e.g. [31] for conditions under which the product FgF*g
is (easily) invertible and [32], [33] for efficient algorithms for
computing (4), (7) and (8). In particular the block structure can
be used for a pre-conditioning approach [30].

One period of the discretized and periodized Gaussian win-
dow with the peak at [ = 0 is given by

(p/(l) _ Zefﬂ.(HfLL)z ’

keZ
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We assume that L and A are chosen such that the overlap of
the window “tails” after periodization is numerically negligible
and therefore it is sufficient to sum over k € {—1, 0} in practice
since for £k = 0 we obtain the right tail and for £ = —1 we
obtain the left tail (periodically wrapped). The width of the
Gaussian window at its relative height i € [0, 1] can be written
as (expressed from (9) using just £ = 0)

4log(h
wy = Heelh),
s

(10)

The width is given in samples and it can be a non-integer
number. This equation becomes relevant when working with
truncated Gaussian window and when determining A for non-
Gaussian windows. For other window type used, we took X of the
closest Gaussian window in the least mean square error sense.
The window was obtained via a simple heuristic search. Note
that all windows used in this manuscript are odd symmetric,
such that they have a unique center sample, and they are non-
causal such that they introduce no delay. Finally, the discrete
Fourier transform of such windows is real.

III. STFT PHASE RECONSTRUCTION

The algorithm is based on the direct relationship between the
partial derivatives of the phase and the log-magnitude of the
STFT with respect to the Gaussian window. More precisely,
the time derivative of the log-magnitude defines the frequency
derivative of the phase and, vice versa, the frequency derivative
of the log-magnitude defines the time derivative of the phase. In
this section, we derive such relations and show that, in theory,
it is possible to reconstruct the phase from its gradient up to a
constant global phase shift. We include a complete derivation
since the relations for the STFT as defined in (1) have not
appeared in the literature, as far as we know. Our approach
is based on the properties of the Bargmann transform [3], [34]
which is closely related to the STFT with respect to the Gaussian
window with A = 1.

A. Phase-Magnitude Relationship
It is known that the Bargmann transform of f € L*(R)

:/f(T)eQW*W“%* dr, zeC (1)
R

is an entire function [35] and that it relates to the STFT defined
in (1) such that

(BF)(2) = 75 (0, ) (—w, ),

assuming f is real valued and z =t + iw. Furthermore, the
logarithm of the Bargmann transform is an entire function (apart
from zeros) and the real and imaginary parts of log(Bf)(z) can
be written as

12)

log(Bf)(t + iw) = u(w,t) + iv(w, t) (13)
u(w,t) = w(t* + w?)/2 + log M,j;(—w,t) (14)
v(w, t) = Ttw + <I>£(—w7 t) (15)
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and using the Cauchy-Riemann equations
ou v ou v

a(u%t) = %(w7t)v %(w7t) = _E(W7t) (16)
we can write (substituting w’ = —w) that
0 0
= — S
0 - P (W' t) ~7 log M7 (W t) 17
Qqﬂ‘( t) = 9, M (W' t) +2 (18)
pTAL 2 108 w W',

A little more general relationships can be obtained for win-
dows defined as g = O¢, (O being a fixed bounded operator)
and Proposition 1.

Proposition 1: Let O, P be bounded operators such that for
all (w, t) there exist differentiable, strictly monotonic functions
n(t)and {(w),suchthat 7,E, O = PT, ;)& (o) andletg = Oy, .
Then

0] (w,1) = — 5 log M (1) i,((“:)) (19)
Zofot) = togaif ) 1D 4 2ne(en (0
(20)
Proof: Consider
Vo) (w,t) = (f, Tiug) = (f, T:£,09,)
= (Pf, Ty e ¥)

=, (P f)) (€(w), (1))

and therefore

D) w.1) = 2 [#77 (6(), )
— |0 ()] 0.
Furthermore
9 Yog M (1) = [8 log MP7 (£(w )m(t»} W),
ow g 0&
Combining this with (18) we obtain (20)

Sl ) = [ 207 ()] 00

0 .
— | g 108 ME (6.0 + 276(0) | ()
0 1'(t)
- S
i 108 M (0,0) g5+ 2mE (e (1),
The other equality can be shown using the same arguments
and (17). |

Choosing O = Dz, &(w) = VAw and n(t) = t/v/2 leads to
equations for dilated Gaussian window ¢,

o 0

9 ot 2 f

o5 2L (W t) = —h o log MY (w,1) @1
— &/ (w,t) = 19 e M (w,t) + 2w, (22)
ot » Y T w8 '
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The relations were already published in [24], [36]-[38] in
slightly different forms obtained using different techniques than
we use here. The equations differ because the authors of the
above mentioned papers use different STFT phase conventions.
Chassande-Mottin et al. [36] showed that similar equations exist
even for general windows. They however involve additional
non-analytic terms and thus it seems they cannot be exploited
directly. Moreover, the experiments presented in Section V show
that the performance degradation is not too significant when
using windows resembling the Gaussian window like the Hann,
the Hamming or the Blackman window.

The STFT phase gradient of a signal f with respect to dilated
Gaussian ¢, will be further denoted as

0
a q)é/ (wv t)

)
=/
Ow

s
’ ot P

- (w,t) =

(w,t)] . (23)
Note that the derivative of the phase has a peculiar pole pattern

around zeros [39].

B. Gradient Integration and the Phase Shift Phenomenon

Knowing the phase gradient, one can exploit the gradient
theorem (see e.g. [40]) to reconstruct the original (unwrapped)
phase ®/, (w,1) such that

1
®L, (w.0) ~ @] (noto) = [ VL (r(7)- () ar,

' (24)
where r(7) = [r, (), r+(7)] is any curve starting at (wy, ¢ ) and
ending at (w, t) provided the phase at the initial point (wp, o)
is known. When the phase is unknown completely, we con-
sider CIDQ (wo,tp) = 0 which causes a global phase shift. The
phase shift of the STFT carries over to the global phase shift
of the reconstructed signal through the linearity of the recon-
struction. One must, however, treat real input signals with care
as the phase shift breaks the complex conjugate relation of the
positive and negative frequency coefficients. This relationship
has to be either recovered or enforced because if one simply
takes only the real part of the reconstructed signal the phase
shift can cause amplitude attenuation or even causes the sig-
nal to vanish in extreme cases. To explain this phenomenon,
consider the following example where we compare the effect
of the phase shift on analytic and on real signals. We denote
the constant phase shift as ¢y and define an analytic signal as
Tan(t) = A(t)e!? (). The real part including the global phase
shift (e!¥0) is given as R(wa(t)e!?) = A(t) cos((t) + o)
which is what one would expect. Similarly, we define a real sig-
nal as z(t) = # (€™ + e7¥(1) and the real part of such
signal with the global phase shift 1)y amounts to R(z(t)e'?) =
A(t) cos(thy ) cos(t)(t)) which causes the signal to vanish when
Yo =w/2+knm, k € Z.

In theory, the global phase shift of the STFT of a real signal
can be compensated for, leaving only a global signal sign am-
biguity. For real signals, it is clear that the following holds for

w#0

®f (w,t) + ®f (—w,t) = 24, 25)
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After the compensation, due to the phase wrapping, the phase
shift is still ambiguous up to an integer multiple of 7, which
causes the aforementioned signal sign ambiguity.

IV. THE ALGORITHM

In the discrete time setting (recall Section II-B; in par-
ticular (4) and (5)) the STFT phase gradient approximation
@(bm, an) = V¢(m,n) is obtained by numerical differ-
entiation of sios (m,n) = log (s(m, n)) as

vd)(mv n) = [d)w (ma n)v d)t (mv n)] (26)

= [ Z0 D, 1 <D i), )+ 27m /M
27

where D;, D, denote matrices performing the numerical differ-
entiation of s}, along rows (in time) and columns (in frequency)
respectively. The matrices are assumed to be scaled such that
the sampling step of the differentiation scheme they represent
is equal to 1. The central (mid-point) finite difference scheme
(see e.g. [41]) is the most suitable because it ensures the gra-
dient components to be sampled at the same grid. The steps of
the numerical integration will be done in either horizontal or
vertical directions such that exclusively one of the components
in j—: from (24) is zero. Due to this property, the gradient can
be pre-scaled using hop sizes a and b such that

V*C(m,n) = (b, (m, n), ag, (m,n)] (28)
AL M

— [ 25 D)), S (D))

+ 27ram/M] . (29)

Note that the dependency on L can be avoided when (10) is
used to express AL. This is useful e.g. when the signal length is
not known in advance.

The numerical integration of the phase gradient is performed
over the prominent contours of the spectrogram first in order to
reduce accumulation of the error. The magnitude of the coeffi-
cients is used as a guide such that integration paths are chosen
adaptively following the spectrogram ridges first. Such behav-
ior is achieved by employing a heap data structure (from the
heapsort algorithm [42]), which it is used for holding pairs
(m,n) and it has the property of having (m, n) of the maximum
|c(m, n)| always at the top. It is further equipped with efficient
operations for insertion and deletion. Even after employing the
heap, nothing stops the integration paths to go trough areas with
coefficients small in magnitude where the phase gradient es-
timate is unreliable [39]. Therefore, in order to avoid further
accumulation of the error, we introduce the relative magnitude
tolerance tol. It causes the algorithm to perform the integration
only locally on “islands” of coefficients above tol with the max
coefficient within the island serving as the zero phase refer-
ence. The coefficients below tol are assigned a random phase
(uniformly distributed random values from the range [0, 27)).
The randomization of the phase of the coefficients below the
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tolerance is chosen over the zero phase because in practice it
helps to avoid the impulsive disturbances introduced by the
small phase-aligned coefficients. The algorithm is summarized
in Algorithm 1 and a graphical step-by-step example can be
found at the accompanying webpage.

After ;zg(m, n) has been estimated by Algorithm 1, it is com-
bined with the target magnitude of the coefficients such that

c(m,n) = s(m, n)ei‘?’(mmr) 30)

and the signal ? is recovered by simply plugging these coeffi-
cients into (7).

A. Practical Considerations

In this section, we analyze the effect of the discretization
on the performance of the algorithm. The obvious sources of
error are the numerical differentiation and integration schemes.
However, the aliasing introduced by subsampling in time and
frequency domains is more serious. In the discrete time setting,
since the signal is considered to be band-limited and periodic, the
truly aliasing-free case occurs whena = 1,b=1(M = L, N =
L) regardless of the time or the frequency effective supports of
the window. DGT with such setting is however highly redundant
and only signals up to several thousands samples in length can
be handled effectively.

In the subsampled case, the amount of aliasing and there-
fore the performance of the algorithm depends on the effective
support of the window. Increasing a introduces aliasing in fre-
quency and increasing b introduces aliasing in time. The effect
of the length of the time hop size a on the performance of
the algorithm is illustrated by the phase error plots depicted in
Fig. 1. In the aliasing free case [Fig. 1(b)], the algorithm even
achieves a constant phase shift for all coefficients with rela-
tive magnitude above —60 dB (cf. phase shift phenomenon in
Section III-B). This behavior however quickly deteriorates when
longer hop size is introduced [Fig. 1(c) and (d)]. The length of
the signal is 5888 samples and the time-frequency ratio of the
Gaussian window is & = 1. The hop size in frequency is b = 1
(i.e. M = 5888).

Even though the Gaussian window is, in theory, infinitely
supported in both time and frequency, it decays exponentially
and therefore aliasing might not significantly degrade the per-
formance of the algorithm when choosing the hop sizes and the
effective support carefully. Obviously the finer the hop sizes
the higher the computational cost. The authors recommend to
use redundancy M /a = 8and & = aM /L or simply 87.5% win-
dow overlap with compactly supported windows. Such setting
is also used in Section V. An interesed reader can find a demo
script comparing several window overlaps at the accompanying
web page.

Since it is clear that the phase shift achieved by the algorithm
is not constant, the conjugate symmetry of the DGT of real
signals cannot be easily recovered. Therefore, we reconstruct the
phase only for the positive frequency coefficients and enforce
the conjugate symmetry to the negative frequency coefficients.
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Algorithm 1: Phase Gradient Heap Integration—PGHI.

Input: DGT phase gradient
V¢SC(m’ n) = (quSJC (mv n)v tSC (m7 TL))
obtained from (29), magnitude of DGT coefficients
|c(m, n)|, relative tolerance tol.
Output: Estimate of the DGT phase (/]S(m, n).
1 SetZ = {(m,n) : |c(m,n)| > tol - max (|e(m,n)|)};
2 Assign random values to q?)(m, n) where (m,n) ¢ 7,
3 Construct a self-sorting heap for (m,n) pairs;
4 while Z is not () do

5 if heap is empty then
6 Insert (M, n)max = argmax,, ez (|c(m,n))
iAnto the heap;
7 ¢(m7 n)max —0;
8 Remove (m, n)max from Z;
9 end
10 while heap is not empty do
11 (m,n) < remove the top of the heap;
12 if (m + 1,n) € 7 then
13 Z]\ﬁ(m +1,n) «
¢(m7 n) + % (¢§;C(m’ n) + ¢§;C(m +1, n)),
14 Insert (m + 1, n) into the heap;
15 Remove (m + 1,n) from Z;
16 end
17 if (m — 1,n) € 7 then
18 (/]S(m —1,n) «
‘:'Z\)(mv TL) - % (¢§C(m7 n) + ¢§;C(m -1, TL)),
19 Insert (m — 1,n) into the heap;
20 Remove (m — 1, n) from Z;
21 end
22 if (m,n + 1) € Z then
23 dlm,n—+1) —
Blm,n) + L (65 (m,m) + G5 (m,n + 1));
24 Insert (m,n + 1) into the heap;
25 Remove (m,n + 1) from Z;
26 end
27 if (m,n — 1) € Z then
28 dlm,n—1) —
(75(77%”) - % ( ?C(mvn) + ¢L§C(mvn - 1));
29 Insert (m,n — 1) into the heap;
30 Remove (m,n — 1) from Z;
31 end
32 end
33 end

B. Exploiting Partially Known Phase

In some scenarios, the true phase of some of the coefficients
is available. In order to exploit such information, the proposed
algorithm has to be adjusted slightly. First, we introduce a mask
to select the reliable coefficients and second, we select the bor-
der coefficients i.e. coefficients with at least one neighbor in
the time-frequency plane with unknown phase. Then we sim-
ply initialize the algorithm with the border coefficients stored
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Frequency (kHz)

0 0.1 03 0 0.1 0.3

0.2
Time (s)

(@) (b)

Frequency (kHz)

0 0.1 0.2 0.3 0 0.1 0.2 0.3
Time (s) Time (s)
(©) (d)

Fig. 1. Spectrogram of a spoken word greasy (a). The absolute phase differ-
ences of the STFT of the original and reconstructed signal in the range [0, 7]
for varying time hop size a (b) (c) (d). The errors Cqg and Rgp are introduced
in Section V. The phase difference was set to zero (white color) for coefficients
with the relative magnitude below —60 dB. (a) Spectrogram, a = 1 (b) a = 1,
Cap = —H7.02, Rgp = —22.93 (¢)a = 16,Cqp = —28.17, Rgg = —2.18 (d)
a=32,Cqg = —24.06, Rgg = —1.21.

Algorithm 2: Initialization for Partially Known Phase.

Input: Set of indices of coefficients M with known phase
R d(m,n).
¢d(m,n) — ¢(m,n) for (m,n) € M,
for (m,n) e MNZdo

if(m+1,n)¢ Mor(m—1,n) ¢ Mor
(m,n+1) ¢ Mor (m,n—1) ¢ M then

Add (m,n) to the heap;

1
2
3
4 |

5 end
6 end

in the heap. Formally, Algorithm 1 will be changed such that
steps summarized in Algorithm 2 are inserted after line 1. Note
that the phase of the border coefficients can be used directly
(i.e. no unwrapping is necessary). Depending on the situation,
the phase might be propagated from more than one border co-
efficient, however the phases coming from distinct sources are
never combined.

C. Connections to Phase Vocoder

In this section we discuss some connections between the pro-
posed algorithm and the phase vocoder [6] and consequently
with algorithms SPSI [22] and PU [23]. The phase vocoder al-
lows the signal duration to be changed by employing non-equal
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analysis and synthesis time hop sizes. A pitch change can be
achieved by playing the signal at a sampling rate adjusted by
the ratio of the analysis and synthesis hop sizes. In the synthe-
sis, the phase must be kept consistent in order not to introduce
artifacts. In the phase reconstruction task, the original phase is
not available, but the basic phase behavior can be yet exploited.
For example, it is known that for a sinusoidal component with a
constant frequency the phase grows linearly in time for all fre-
quency channels the component influences in the spectrogram.
For these coefficients, the instantaneous frequency (STFT phase
derivative with respect to time (22)) is constant and the local
group delay (STFT phase derivative with respect to frequency
(21)) is zero.

Algorithms SPSI and PU estimate the instantaneous fre-
quency in each spectrogram column (time frame) from the mag-
nitude by peak picking and interpolation. The instantaneous fre-
quency determines phase increments for each frequency channel
m such that

¢(m,n) = dp(m,n — 1) + 2wramy /M, (31)

where my is the estimated, possibly non-integer instantaneous
frequency belonging to the interval [0, | M/2]]. This is exactly
what the proposed algorithm does in case of constant sinusoidal
components, except the instantaneous frequency is determined
from the DGT log-magnitude. Integration in Algorithm 1 per-
forms nothing else than a cumulative sum of the instantaneous
frequency in the time direction.

The algorithm PU goes further and also employs an impulse
model. The situation is reciprocal to sinusoidal components such
that the phase changes linearly in frequency for all coefficients
belonging to an impulse component but the rate is only constant
for fixed n and it is inversely proportional to the local group
delay ny — n such as

¢(m,n) = ¢d(m—1,n)+ 2mwa(n —ny)/M,

where any is the time index of the impulse occurrence. Again,
this is what the proposed algorithm does for coefficients corre-
sponding to impulses.

The advantage of the proposed algorithm over the other two
is that the phase gradient is computed from the DGT log-
magnitude such that it is available at every time-frequency po-
sition without even analysing the spectrogram content. This
allows an arbitrary integration path which combines both the
instantaneous frequency and the local group delay according
to the magnitude ridge orientation. In the other approaches, the
phase time derivative can be only estimated in a vicinity of sinu-
soidal components and, vice versa, the frequency derivative only
in a vicinity of impulse-like events. Obviously, such approaches
will not cope well with deviations from the model assumptions
although careful implementation can handle multiple sinusoidal
components with slowly varying instantaneous frequencies and
impulses with frequency-varying onsets. The difficulty of the
PU algorithm lies in detecting the onsets in the spectrogram and
separating the coefficients belonging to the impulse-like compo-
nent from the coefficients belonging to sinusoidal components.

Fig. 2 shows phase deviations achieved by algorithms SPSI
and PU and by the proposed algorithm PGHI. The phase

(32)
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Fig. 2. Spectrogram of an excerpt form the glockenspiel signal (a) and the
absolute phase differences in the range [0, 7] for three different algorithms
(b)(c)(d). The phase difference was set to zero (white color) for coefficients
with the relative magnitude below —50 dB. (a) Spectrogram (b) Beauregard
et al. [22] (SPSI) (c) Magron et al. [23] (PU) (d) Proposed (PGHI).

difference at the transient coefficients is somewhat smoother
for PU when compared to SPSI because of the involved im-
pulse model. PGHI produces almost constant phase difference
due to the adaptive integration direction. The setup used in the
example is the following: the length of the signal is L = 8192
samples, time hop size a = 16, number of channels M = 2048,
time-frequency ratio of the Gaussian window is A = aM/L.

V. EXPERIMENTS

In the experiments, we use the normalized mean-squared error
to measure the performance

= — yll,
e}

where ||.||, denotes the standard energy norm. The spectral
convergence [14] is defined as

E(x,y) = » Eas(x,y) = 20log, E(z,y), (33)

C=F (SV607 |PEveC|) ) CdB =20 loglo Ca (34)

where P = F_Fy i.e. synthesis followed by analysis. Other
authors proposed a slightly different measure E(Cyec, PCyec)?,
termed normalised inconsistency measure [10], which rep-
resents the normalised energy lost by the reconstruc-
tion/projection. Such measures clearly do not accurately reflect
the actual signal reconstruction error R = E(f, ]A"), but they
are independent of the phase shift. Some other authors evaluate
the algorithms using the signal to noise ratio, which they define
asSNR(x,y) = 1/FE(x,y)and SN Rgs(x,y) = —Egs(x, y)
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Fig. 3.  Box plot of C in dB for the MOCHA-TIMIT database. The whiskers
denote the minimum and maximum.

SPSI [22]

mmm PGHI (proposed)

Gauss

Trunc. Gauss
Hann
Hamming
—-70 —60 —50 —40 —-30 —20 -—-10

Spectral convergence [dB]

Fig.4. Box plotof C in dB for the EBU SQAM database. The whiskers denote
the minimum and maximum.

respectively. Unfortunately, as Figs. 1 and 2 show, the phase dif-
ference is usually far from being constant when subsampling is
involved (this holds for any algorithm, even the iterative ones).
Therefore, the time-frames (i.e. individual short-time spectra)
and even each frequency bin within the frame might have a
different phase shift, causing the error R to be very high, even
when the other error measures are low and the actual perceived
quality is good. An interested reader can find sound examples
demonstrating this phenomenon at the accompanying webpage.

The testing was performed on the speech corpus database
MOCHA-TIMIT [43] consisting of recordings of 1 male and 1
female speakers (460 recordings for each, 61 minutes in total).
The sampling rate of all recordings is 16 kHz. The Gabor system
parameters used with this database (Figs. 3 and 5) were: num-
ber of channels M = 1024, hop size a = 128, time-frequency
ratio of the Gaussian window A = aM /L, time support of the
truncated Gaussian window and the other compactly supported
windows was M samples.

Next, we used the EBU SQAM database of 70 test sound
samples [44] recorded at 44.1 kHz. Only the first 10 seconds
of the first channel was used from the stereophonic recordings
to reduce the execution time to a reasonable value. The Gabor
system parameters used with this database (Figs. 4 and 6) were
the following: number of channels M = 2048, hop size a =
256, time-frequency ratio of the Gaussian window A = aM /L,
time support of the truncated Gaussian window and of the other
compactly supported windows was M samples.

In the following Section V-A, we evaluate the performance
of the PGHI algorithm alone. Later in Section V-B, we eval-
uate the performance of several iterative algorithms initial-
ized by the outcome of PGHI. In both cases, we will com-
pare the results with the SPSI [22] algorithm. Unfortunately,
we were not able to get good results with the PU [23]
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Fig. 5. Comparison with the iterative algorithms, MOCHA-TIMIT database.

(a) Gaussian window (b) Hann window (c) Hamming window.

algorithm consistently due to the imperfect onset detection and
due to the limitation of the impulse model and so did not
include it here. The implementation of SPSI has been taken
from http://anclab.org/software/phaserecon/ and it was modi-
fied to fit our framework. The most prominent change has been
the removal of the alternating 7 and O phase modulation in
the frequency direction which is not present when computing
the transform according to (4).

The results for the PGHI algorithm were computed via a two
step procedure. In the first step Algorithm 1 withtol = 10! was
used, and in the second step, the algorithm was run again with
tol = 1070 including steps from Algorithm 2 while using the
result from the first step as known phase. This approach avoids
error spreading during the numerical integration and improves
the result considerably when compared to a single run with
either of the thresholds.

A. Comparison With Noniterative Method

Figs. 3 and 4 show box plots of Cqg over entire databases
for the SPSI and the proposed algorithm PGHI. The proposed
algorithm very clearly outperforms the SPSI algorithm by a
large margin. The performance of the proposed algorithm further

1161

20 —©—SPSI then FleGLA[10][11]|
—— SPSI then GLA[9]

—%—TF-RTISI-LA [13]

—@- - PGHI then FleGLA[10][11]

o
S,
3
g 25 v —¢ - PGHI then GLA[9]
=g
[
>
c
Q
o
I
©
Q
Q
7]
0 20 40 60 80 100 120 140 160 180 200
Number of iterations
(a)
‘ —©—SPSl then FleGLA[10][11]
@ 20 —— SPSI then GLA[9] I
o —%—TF-RTISI-LA [13]
3 —@--PGHI then FleGLA[10][11]
c v —¢ - PGHI then GLA[9]
o _o5H
<
[ AN
2 \
] \ e
O -30F TV —ge o _ 4
E “o A S S et 4
8 I Sy i
&% A S — )
. . . . . - it < fe
0 20 40 60 80 100 120 140 160 180 200
Number of iterations
(b)
‘ —O— SPSI then FleGLA[10][11]
m —— SPSI then GLA[9]
5. 20 —*— TF-RTISI-LA [13] H
3 —@--PGHI then FleGLA[10][11]
c —% - PGHI then GLA[9]
@ v
<y
[
>
=
Q
o
I
©
(7]
Q
%)
| | | | -~ —T— = 5
0 20 40 60 80 100 120 140 160 180 200
Number of iterations
()

Fig. 6. Comparison with the iterative algorithms, EBU SQAM database. (a)
Gaussian window (b) Hann window (c¢) Hamming window.

depends on the choice of the window. While the Gaussian win-
dow truncation introduces only a negligible performance degra-
dation, the choice of Hann or Hamming windows increase the
error by about 2 dB. For a detailed comparison, please find the
scores and sound examples for the individual files from the EBU
SQAM database using the Gaussian window at the accompany-
ing web page.

We can only provide a rough timing for the algorithms as
the actual execution time is highly signal dependent and our
implementations might be suboptimal. On a standard PC, the
execution time of PGHI was generally less than 1 second for the
10 second excerpts from the SQAM database. The SPSI algo-
rithm was roughly 6-8 times faster. Our current implementation
of PGHI is however very slow for noise signals.

B. Comparison With Iterative Methods

It is known that the iterative phase reconstruction algorithms
optimize a non-convex objective function and, therefore, the
result depends strongly on the initial phase estimate. In this
section, we compare the effect of PGHI and SPSI initializations
on the performance of the following iterative algorithms:

1) The Griffin-Lim algorithm [9] (GLA).
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2) A combination of Le Roux’s modification of GLA [10]
using the on-the-fly truncated modified update and of
the fast version of GLA [11] with constant o = 0.99
(FleGLA). The projection kernel was always truncated
to size 2M/a — 1 in both directions. This combination
outperforms both algorithms [10] and [11] when used in-
dividually.

3) The gradient descend-like algorithm by Decorsiere et al.
[15] ABFGS). Unfortunately, the IBFGS implementation
we use (downloaded from [45]) fails in some cases.

In the comparisons, we also include the following algorithm,
which, unfortunately, does not benefit from phase initialization
as it performs its own initial phase guess from the partially
reconstructed signal:

1) Time-Frequency domain Real-Time Iterative Spectrogram
Inversion with Look-Ahead [13] (TF-RTISI-LA). The
number of the look-ahead frames was always M/a — 1
and an asymmetric analysis window was used for the lat-
est look-ahead frame.

Figs. 5 and 6 show average C in dB over the MOCHA-
TIMIT and EBU SQAM databases respectively depending on
the number of iterations with SPSI initialization (solid lines)
and with PGHI initialization (dashed lines). In addition, the
scores and sound examples for individual files from the EBU
SQAM database using the Gaussian window can be found at
the accompanying web page. Graphs for the truncated Gaussian
window are not shown as they exhibit no visual difference from
the graphs for the full-length Gaussian window. Further, the
IBFGS algorithm has been excluded from the comparison using
the EBU-SQAM database (Fig. 6); it failed to finish for a con-
siderable number of the excerpts. The graphs show that PGHI
provides a better initial phase estimate than SPSI for all algo-
rithms considered and the best overall results are obtained when
PGHI is combined with the FleGLA and IBFGS algorithms. The
performance gap is however less prominent for non-Gaussian
windows. That is to be expected as the PGHI algorithm performs
suboptimally. For the non-Gaussian windows the FleGLA and
the IBFGS algorithms give almost equivalent results after 200
iteration for both types of initializations.

In the tests, the execution time of the PGHI algorithm was
comparable to the execution time of 2—4 iterations of GLA
with the Gaussian window and to the execution time of 4-10
iterations for the compactly supported windows.

C. Modified Spectrograms

The main application area of the phase reconstruction algo-
rithms is the reconstruction from modified spectrograms. The
spectrograms are modified in the complex-valued STFT domain.
This could be done by multiplication which leads to so-called
Gabor filters [46]-[48] or by moving/copying of contents. In
general, such a modified spectrogram is no longer a valid (con-
sistent [10]) spectrogram, i.e. there is no signal having such a
spectrogram. Therefore the task is to construct rather than re-
construct a suitable phase. Unfortunately, it is neither clear for
which spectrogram modifications the equations (21) and (22)
still hold nor how it does affect the performance if they do not.
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Moreover, an objective comparison of the algorithms becomes
difficult as the error measures chosen above become irrelevant.

Nevertheless, in order to get the idea of the performance of
the proposed algorithm acting on modified spectrograms, we
implemented phase vocoder-like pitch shifting (up and down by
6 semitones) via changing the hop size [6], [49] using all the
algorithms to rebuild the phase. The synthesis hop size a = 256
was fixed and the analysis hop size was changed accordingly to
achieve the desired effect. Sound examples for the EBU SQAM
database along with Matlab/GNU Octave script generating them
can be found at the accompanying web page.

VI. CONCLUSION

A novel, non-iterative algorithm for the reconstruction of the
phase from the STFT magnitude has been proposed. The algo-
rithm is computationally efficient and its performance is com-
petitive with the state-of-the-art algorithms. It can also provide
a suitable initial phase for iterative algorithms.

As future work, it would be interesting to investigate whether
(simple) equations similar to (21) and (22) could be found for
non-Gaussian windows. Moreover, the effect of the aliasing
and spectrogram modifications on the phase-magnitude rela-
tionship should be systematically explored. For that we will
extend Proposition 1 to a more general setting. Ideally, we hope
that a similar result could be possible for a-modulation frames
[50], [51] and warped time-frequency frames [52], [53].

From the practical point of view, a drawback of the proposed
algorithm is the inability to run in real-time setting i.e. to process
streams of audio data in a frame by frame manner. Clearly, the
way how the phase is spread among the coefficients would have
to be adjusted. This was done in [25] where we present a version
of the algorithm introducing one or even zero frame delay.

Further, please note that equations (21) and (22) hold “in the
other direction” as well; meaning they can be used to estimate
the magnitude given the phase. This property might be useful in
many applications since the phase-aware signal processing is a
promising field of research [54], [55].

ACKNOWLEDGMENT

The authors would like to thank Pavel Rajmic and the anony-
mous reviewers for their valuable comments.

REFERENCES

[1] R. W. Gerchberg and W. O. Saxton, “A practical algorithm for the deter-
mination of the phase from image and diffraction plane pictures,” Optik,
vol. 35, pp. 237-246, 1972.

[2] E.J. Candes, T. Strohmer, and V. Voroninski, “Phaselift: Exact and stable
signal recovery from magnitude measurements via convex programming,”
Commun. Pure Appl. Math., vol. 66, no. 8, pp. 1241-1274, 2013.

[3] K. Grochenig, Foundations of Time-frequency Analysis (Applied and Nu-
merical Harmonic Analysis Series). Berlin, Germany: Birkhduser Basel,
2001.

[4] D. Gunawan and D. Sen, “Iterative phase estimation for the synthesis of
separated sources from single-channel mixtures,” IEEE Signal Process.
Lett., vol. 17, no. 5, pp. 421-424, May 2010.

[5] N. Sturmel and L. Daudet, “Iterative phase reconstruction of Wiener fil-
tered signals,” in Proc. IEEE Int. Conf. Acoust., Speech Signal Process.,
Mar. 2012, pp. 101-104.



PRUSA et al.: NONITERATIVE METHOD FOR RECONSTRUCTION OF PHASE FROM STFT MAGNITUDE

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J. Laroche and M. Dolson, “Improved phase vocoder time-scale modifica-
tion of audio,” IEEE Trans. Speech Audio Process., vol. 7, no. 3, pp. 323—
332, May 1999.

V. Gnann and M. Spiertz, “Comb-filter free audio mixing using STFT
magnitude spectra and phase estimation,” in Proc. 11th Int. Conf. Digit.
Audio Eff., Sep. 2008, pp. 357-361.

P. Smaragdis, B. Raj, and M. Shashanka, “Missing data imputation for
time-frequency representations of audio signals,” J. Signal Process. Syst.,
vol. 65, no. 3, pp. 361-370, 2011.

D. Griffin and J. Lim, “Signal estimation from modified short-time Fourier
transform,” IEEE Trans. Acoust., Speech Signal Process., vol. 32, no. 2,
pp. 236243, Apr. 1984.

J. Le Roux, H. Kameoka, N. Ono, and S. Sagayama, “Fast signal re-
construction from magnitude STFT spectrogram based on spectrogram
consistency,” in Proc. 13th Int. Conf. Digit. Audio Eff., Sep. 2010,
pp. 397-403.

N. Perraudin, P. Balazs, and P. L. Sgndergaard, “A fast Griffin-Lim algo-
rithm,” in Proc. IEEE Workshop Appl. Signal Process. Audio Acoust., Oct.
2013, pp. 14.

X.Zhu, G. T. Beauregard, and L. Wyse, “Real-time signal estimation from
modified short-time Fourier transform magnitude spectra,” IEEE Trans.
Audio, Speech Lang. Process., vol. 15, no. 5, pp. 1645-1653, Jul. 2007.
J. Le Roux, H. Kameoka, N. Ono, and S. Sagayama, “Phase initialization
schemes for faster spectrogram-consistency-based signal reconstruction,”
in Proc. Acoust. Soc. Japan Autumn Meeting, Mar. 2010, Paper no. 3-10-3.
N. Sturmel and L. Daudet, “Signal reconstruction from STFT magni-
tude: A state of the art,” Proc. 14th Int. Conf. Digit. Audio Eff., 2011,
pp. 375-386.

R. Decorsiere, P. L. Sgndergaard, E. MacDonald, and T. Dau, “Inversion
of auditory spectrograms, traditional spectrograms, and other envelope
representations,” IEEE/ACM Trans. Audio, Speech Lang. Process., vol. 23,
no. 1, pp. 46-56, Jan. 2015.

I. Waldspurger, A. d’Aspremont, and S. Mallat, “Phase recovery, max-
cut and complex semidefinite programming,” Math. Program., vol. 149,
no. 1-2, pp. 47-81, 2015.

E.J. Candes, Y. C. Eldar, T. Strohmer, and V. Voroninski, ‘“Phase retrieval
via matrix completion,” STAM Rev., vol. 57, no. 2, pp. 225-251, 2015.

D. L. Sun and J. O. Smith, III, “Estimating a signal from a magnitude
spectrogram via convex optimization,” in Proc. Audio Eng. Soc. Cony.
133, Oct. 2012, Paper no. 8785.

R. Balan, “On signal reconstruction from its spectrogram,” in Proc. 44th
Annu. Conf. Inf. Sci. Syst., Mar. 2010, pp. 1-4.

Y. Eldar, P. Sidorenko, D. Mixon, S. Barel, and O. Cohen, “Sparse
phase retrieval from short-time Fourier measurements,” IEEE Signal Pro-
cess. Lett., vol. 22, no. 5, pp. 638-642, May 2015.

J. V. Bouvrie and T. Ezzat, “An incremental algorithm for signal recon-
struction from short-time Fourier transform magnitude,” in Proc. 9th Int.
Conf. Spoken Lang. Process., 2006, pp. 2510-2513.

G. T. Beauregard, M. Harish, and L. Wyse, “Single pass spectrogram
inversion,” in Proc. IEEE Int. Conf. Digit. Signal Process., Jul. 2015,
pp. 427-431.

P. Margon, R. Badeau, and B. David, “Phase reconstruction of spectro-
grams with linear unwrapping: Application to audio signal restoration,”
in Proc. 23rd Eur. Signal Process. Conf., Aug. 2015, pp. 1-5.

M. R. Portnoff, “Magnitude-phase relationships for short-time Fourier
transforms based on Gaussian analysis windows,” in Proc. IEEE Int. Conf.
Acoust., Speech Signal Process., Apr. 1979, vol. 4, pp. 186—189.

Z. Prisa and P. L. Sgndergaard, “Real-time spectrogram inversion using
phase gradient heap integration,” in Proc. Int. Conf. Digit. Audio Eff.,
Sep. 2016, pp. 17-21.

J. W. Eaton, D. Bateman, S. Hauberg, and R. Wehbring, GNU
Octave Version 4.0.0 Manual: A High-level Interactive Language
for Numerical Computations, 2015. [Online]. Available: http://www.
gnu.org/software/octave/doc/interpreter

P. L. Sgndergaard, B. Torrésani, and P. Balazs, “The Linear Time Fre-
quency Analysis Toolbox,” Int. J. Wavelets, Multiresolution Anal. Inf.
Process., vol. 10, no. 4, 2012, Art. no. 1250032.

Z. Prisa, P. L. Sgndergaard, N. Holighaus, C. Wiesmeyr, and P. Balazs,
“The large time-frequency analysis toolbox 2.0,” in Sound, Music, and
Motion (Lecture Notes in Computer Science Series). Berlin, Germany:
Springer, 2014, pp. 419-442.

P. L. Sgndergaard, “Gabor frames by sampling and periodization,” Adv.
Comput. Math., vol. 27, no. 4, pp. 355-373, 2007.

P. Balazs, H. G. Feichtinger, M. Hampejs, and G. Kracher, “Double pre-
conditioning for Gabor frames,” IEEE Trans. Signal Process., vol. 54,
no. 12, pp. 4597-4610, Dec. 2006.

[31]

[32]

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

1163

P. L. Sg¢ndergaard, “Finite discrete Gabor analysis,” Ph.D. disserta-
tion, Technical Univ. Denmark, 2007. [Online]. Available: http://Itfat.
github.io/notes/Itfatnote003.pdf

T. Strohmer, Numerical Algorithms for Discrete Gabor Expansions.
Cambridge, MA, USA: Birkhduser Boston, 1998, ch. 8, pp. 267-294.

P. L. Sgndergaard, “Efficient algorithms for the discrete Gabor transform
with a long FIR window.,” J. Fourier Anal. Appl., vol. 18, no. 3, pp. 456—
470, 2012.

L. D. Abreu, “Sampling and interpolation in Bargmann-Fock spaces of
polyanalytic functions,” Appl. Comput. Harmon. Anal., vol. 29, no. 3,
pp- 287-302, 2010.

J. B. Conway, Functions of One Complex Variable I (Graduate Texts in
Mathematics Series), vol. 11, 2nd ed. New York, NY, USA: Springer-
Verlag, 1978.

E. Chassande-Mottin , I. Daubechies, F. Auger, and P. Flandrin, “Differen-
tial reassignment,” IEEE Signal Process. Lett., vol. 4, no. 10, pp. 293-294,
Oct. 1997.

T. J. Gardner and M. O. Magnasco, “Sparse time-frequency repre-
sentations,” Proc. Nat. Acad. Sci., vol. 103, no. 16, pp. 6094-6099,
2006.

F. Auger, E. Chassande-Mottin, and P. Flandrin, “On phase-magnitude
relationships in the short-time Fourier transform,” IEEE Signal Process.
Lett., vol. 19, no. 5, pp. 267-270, May 2012.

P. Balazs, D. Bayer, F. Jaillet, and P. L. Sgndergaard, “The phase derivative
around zeros of the short-time Fourier transform,” Appl. Comput. Harmon.
Anal., vol. 30, no. 3, pp. 610-621, May 2015, 2016.

G. N. Felder and K. M. Felder, Mathematical Methods in Engineering and
Physics. Hoboken, NJ, USA: Wiley, 2015.

R. L. Burden and J. D. Faires, Numerical Analysis, 9th ed. Belmont, CA,
USA: Brooks/Cole Cengage Learn., 2010.

J. W. J. Williams, “Algorithm 232: Heapsort,” Communications of the
ACM, vol. 7, no. 6, p. 347-348, 1964.

A. Wrench, “MOCHA-TIMIT: Multichannel articulatory database,’
1999. [Online]. Available: http://www.cstr.ed.ac.uk/research/projects/
artic/mocha.html

“Sound Quality Assessment Material recordings for subjective tests,” Eur.
Broadcast. Union, Geneva, Switzerland, Tech. Rep. 3253, Sept. 2008.
[Online]. Available: https://tech.ebu.ch/docs/tech/tech3253.pdf

M. Schmidt, “minFunc: Unconstrained differentiable  multi-
variate  optimization in Matlab,” 2005. [Online]. Available:
http://www.cs.ubc.ca/“schmidtm/Software/minFunc.html

F. Hlawatsch, G. Matz, H. Kirchauer, and W. Kozek, “Time-frequency
formulation, design, and implementation of time-varying optimal fil-
ters for signal estimation,” IEEE Trans. Signal Process., vol. 48,
no. 5, pp. 1417-1432, May 2000.

P. Balazs, B. Laback, G. Eckel, and W. A. Deutsch, “Time-
frequency sparsity by removing perceptually irrelevant compo-
nents using a simple model of simultaneous masking,” [EEE

Trans. Audio, Speech Lang. Process., vol. 18, no. 1, pp. 34-49,
Jan. 2010.

P. Balazs, N. Holighaus, T. Necciari, and D. Stoeva, “Frame theory for sig-
nal prcoessing in psychoacoustics,” in Excursions in Harmonic Analysis
Volume 5, R. Balan, J. J. Benedetto, W. Czaja, and K. Okoudjou,
Eds. Berlin, Germany: Springer, 2016. [Online]. Available:
https://arxiv.org/abs/1611.00966

U. Zoelzer, Ed., DAFX: Digital Audio Effects. New York, NY, USA: Wiley,
2002.

S. Dahlke and G. Teschke, “Coorbit theory, multi-alpha-modulation
frames and the concept of joint sparsity for medical multi-channel
data analysis,” EURASIP J. Adv. Signal Process., vol. 2008, 2008,
Art. no. 471 601.

M. Speckbacher, D. Bayer, S. Dahlke, and P. Balazs, “The a-modulation
transform: Admissibility, coorbit theory and frames of compactly sup-
ported functions,” 2014. arXiv: 1408.4971.

N. Holighaus, C. Wiesmeyr, and Z. Prusa, “A class of warped fil-
ter bank frames tailored to non-linear frequency scales,” 2017. arXiv:
1409.7203.

N. Holighaus, C. Wiesmeyr, and P. Balazs, “Continuous warped time-
frequency representations-Coorbit spaces and discretization,” 2017. arXiv:
1503.05439.

P. Mowlaee, J. Kulmer, J. Stahl, and F. Mayer, Single Channel Phase-
Aware Signal Processing in Speech Communication: Theory and Practice.
Hoboken, NJ, USA: Wiley, 2016.

P. Mowlaee, R. Saeidi, and Y. Stylianou, “Advances in phase-aware sig-
nal processing in speech communication,” Speech Commun., vol. 81,
pp- 1-29, 2016.



1164

Zdenék Prasa received the Be. (B.Sc.), Ing. (M.Sc.)
and Ph.D. degree from the Brno University of Tech-
nology, Brno, Czech Republic, in 2006, 2008, and
2012, respectively.

Since 2012, he has been a Researcher in the
Acoustic Research Institute, Austrian Academy of
Sciences, Vienna, Austria. He is the maintainer
of an open-source project the Large Time Fre-
quency Toolbox, http://ltfat.github.io
and the founder of the Phase Retrieval Tool-
box, http://1ltfat.github.io/phaseret.
His research interests include time-frequency analysis, signal processing, and
developing audio processing algorithms capable of running in the real-time set-
ting.

Peter Balazs (S’02-M’05-SM-14) received the
Ph.D. and the Habilitation degrees both in mathemat-
ics from the University of Vienna, Vienna, Austria,
in 2005 and 2011, respectively, in cooperation with
the Numerical Harmonic Analysis Group.

Since 1999, he has been a member of the Acous-
tics Research Institute (ARI), the Austrian Academy
of Science, Vienna, Austria. From 2003 to 2006,
he was with the Laboratoire d’Analyse Topologie
et Probabilités and the Laboratoire de Mécanique
et d’Acoustique, in Marseille, France, and with
the Unité de physique théorique et de physique mathématique, Université
Catholique de Louvain, Louvain-La-Neuve, Belgium, in 2005. He founded
the working group “Mathematics and Acoustical Signal Processing” at ARI,
where he became the Director in 2012. His research interests include frame
theory, time-frequency analysis, signal processing, algorithm development, and
applications in acoustics and psychoacoustics. In 2011, he received the presti-
gious START-Price for the project “Frames and Linear Operators for Acoustical
Modeling and Parameter Estimation.”

IEEE/ACM TRANSACTIONS ON AUDIO, SPEECH, AND LANGUAGE PROCESSING, VOL. 25, NO. 5, MAY 2017

Peter Lempel Sgndergaard received the M.Sc. and
Ph.D. degrees from the Technical University of Den-
mark, Kongens Lyngby, Denmark, in 2002 and 2007,
respectively.

From 2007 to 2012, he was a Postdoctoral Fellow
and an Associate Professor in the Department of Elec-
trical Engineering, Technical University of Denmark.
From 2012 to 2013, he was the Leader of the Math-
ematics and Signal Processing in Acoustics Group,
Acoustics Research Institute, Austrian Academy of
Sciences, Vienna, Austria. Since 2013, he has been a
Senior R&D Engineer in Oticon A/S, Smgrum, Denmark. He is the founder of
two open-source software projects, the Large Time Frequency Toolbox and the
Auditory Modeling Toolbox http://amtoolbox.sourceforge.net.
His research interests include mathematics for signal processing and acoustics.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


