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Abstract 

During the past three decades, the issue of processing spectral phase has been largely neglected in speech applications. There is no 
doubt that the interest of speech processing community towards the use of phase information in a big spectrum of speech technologies, 
from automatic speech and speaker recognition to speech synthesis, from speech enhancement and source separation to speech coding, is 
constantly increasing. In this paper, we elaborate on why phase was believed to be unimportant in each application. We provide an overview 

of advancements in phase-aware signal processing with applications to speech, showing that considering phase-aware speech processing can 
be beneficial in many cases, while it can complement the possible solutions that magnitude-only methods suggest. Our goal is to show that 
phase-aware signal processing is an important emerging field with high potential in the current speech communication applications. The 
paper provides an extended and up-to-date bibliography on the topic of phase aware speech processing aiming at providing the necessary 
background to the interested readers for following the recent advancements in the area. Our review expands the step initiated by our organized 
special session and exemplifies the usefulness of spectral phase information in a wide range of speech processing applications. Finally, the 
overview will provide some future work directions. 
© 2016 Elsevier B.V. All rights reserved. 
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1. Introduction 

In many everyday-life applications a reliable speech com- 
munication system is in demand whose performance is ex- 
pected to be robust enough to deliver a certain high qual- 
ity of service to establish a reliable speech communication 

medium. For this purpose, it is highly important to verify the 
robustness of the underlying speech communication interface 
against impairments that occur due to some acoustic inter- 
ference, background noise or those introduced by the failure 
in the communication channel, which can be modeled, for 
example, as the additive background noise or reverberations 
in the room, respectively. In a speech communication appli- 
cation, the design goal is to deliver enough flexibility and 
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reliability such that it provides a certain quality of service 
that may differ depending on the specified application. A full 
end-to-end speech communication chain from microphone to 

receiver end involves several blocks including: speech anal- 
ysis, multi-channel processing (beamformer), single-channel 
signal restoration entailing speech enhancement, source sep- 
aration and artificial bandwidth extension. Depending on the 
desired application, one might be interested in playing back 

the reconstructed signal at the receiver end and, as a conse- 
quence, a speech synthesis block is required. Alternatively, 
in biometric and dictation applications, the goal is to recog- 
nize, or verify the identity of the speaker (speaker identifi- 
cation/verification) or to recognize the phonemes and words 
spoken by the transmitting party (automatic speech recogni- 
tion). Another application is speech watermarking, for which 

certain cover data for copyright issues are required to be em- 
bedded in speech without modifying the speech quality of the 
watermarked signal still be robust against spoofing attacks. 
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Finally, in speech coding the phase information is important 
to fulfill the bits budget while delivering a transparent speech 

quality at the receiver end. This is feasible by keeping the 
phase quantization errors below a perceptual threshold, de- 
termined by just noticeable difference, not perceptible by the 
listener. 

The common strategies described in the aforementioned 

speech processing applications mainly focus on spectral am- 
plitude modification and signal processing methods that are 
used to filter the spectral amplitude of the speech signal. More 
recently, the research attention towards incorporating the spec- 
tral phase information has increased. In particular, individual 
steps have been taken by researchers through different appli- 
cations from different sub-communities in speech signal pro- 
cessing. In order to unify the attempts made by the researchers 
in such diverse communities and to gather them together to 

share their findings, a special session at INTERSPEECH 2014 

entitled Phase Importance in Speech Processing Applications 
( Mowlaee et al., 2014 ) has recently been organized. 

In this paper, we present an extended literature review of 
earlier viewpoints about the importance of phase information 

in speech signal processing. We exemplify the importance of 
phase information in several speech processing applications 
and further demonstrate the positive impact brought about 
by phase-aware signal processing in each of the aforemen- 
tioned applications. Finally, recent and future directions to- 
wards applying phase-aware signal processing to tackle dif- 
ferent speech applications are pointed out. Our work extends 
the initial step made at special session ( Mowlaee et al., 2014 ). 
In contrast, here we present a broader picture of phase-aware 
signal processing and provide a detailed overview of the ad- 
vances made by researchers in the field. Following the lit- 
erature review, we present several useful representations for 
phase spectrum that illustrate certain structures in the phase 
domain. The common short-time Fourier transform (STFT) 
spectral phase representation exhibits no useful structure or 
distribution in the phase domain due to its cyclic wrapping 

nature. However, new presentations provide means to explore 
various properties and details of speech signals (e.g., con- 
tinuity, formant, harmonicity, or statistical explanation cap- 
tured by mean, variance and probability density function). 
We then describe the phase-based derived features appearing 

in the literature for different speech applications. To high- 
light the importance of phase-aware signal processing, we 
give examples in several speech applications: single-channel 
and multi-channel speech enhancement, source separation, au- 
tomatic speech recognition, speaker recognition, speech cod- 
ing, speech analysis/synthesis, digital speech watermarking, 
and speech quality estimation. For each of these applications, 
we present the impact of phase information and explain the 
state-of-the-art methods that neglect the phase information, as 
well as more recent ones that incorporate phase information 

into their proposed solutions. 
Several recent attempts have presented partial overviews 

of some aspects of phase processing for speech applications 
( Alsteris and Paliwal, 2007b; Gerkmann et al., 2015; Mowlaee 
and Kulmer, 2015a; 2015b ): 

• Alsteris and Paliwal (2007b ) reviewed experimental re- 
sults for short-time phase spectrum usage in speech pro- 
cessing. This work demonstrated the usefulness of phase 
spectrum for automatic speech recognition, human listen- 
ing and speech intelligibility. Paliwal et al. (2011) studied 

the importance of phase information for speech enhance- 
ment and proposed a phase spectrum compensation (PSC) 
method using the conjugate symmetric property of the dis- 
crete Fourier transform (DFT). These subjects are covered 

in Section 4.1.3 . 
• Gerkmann et al. (2015) reviewed phase processing for 

single-channel speech enhancement. In contrast to this nar- 
row focus on phase-aware speech enhancement, the cur- 
rent review presents a unified approach to phase-aware 
speech communication including other applications such as 
speech analysis, speech synthesis, speaker/speech recogni- 
tion, speech coding, speech watermarking, source separa- 
tion and multi-channel speech processing. These subjects 
are covered in Section 4 . 

• Mowlaee and Kulmer (2015a ); 2015b ) reviewed phase es- 
timation in speech enhancement and demonstrated the po- 
tential and limits of the phase estimation methods demon- 
strated with a comparative study. The main contribution in 

Mowlaee and Kulmer (2015a ); 2015b ) was on the phase 
estimation in noise and incorporate it for improved signal 
reconstruction. Efficient techniques for estimating phase in 

noisy environments are reviewed in Section 4.1.3 . 

In this paper, throughout the extended up-to-date bibliog- 
raphy we provide a guidance for our readers to a summary 

of what has been done with regard to phase processing of 
speech signal. For readers more interested in the specific so- 
lution, we refer to bibliography where a list of early to latest 
contributions can be found. Our goal is to help the interested 

readers to have a quick access to the novel papers, and get 
to know the earlier and current innovations and efforts made 
to explore phase-aware signal processing . We also elaborate 
on why phase was believed to be unimportant in each ap- 
plication and why phase processing is recently attracting in- 
creasing interest in speech processing community. The use- 
fulness of spectral phase information will be exemplified in a 
wide range of speech processing applications (speech analy- 
sis/synthesis, speech enhancement, source separation, speech 

coding, speech quality estimation, speech watermarking, au- 
tomatic speech recognition, and speaker recognition), provid- 
ing a reference for the researchers who are just starting with 

their research topic related to the phase-aware signal process- 
ing. The current paper is an extensive overview to date on 

the topic of phase-aware speech processing and provides a 
unique picture that depicts the importance of phase assess- 
ment in many aspects of speech technology. 

The paper is organized as follows: Section 2 presents the 
controversial standpoints in the literature with regard to the 
importance of phase information in speech signal processing; 
Section 3 presents useful phase representations derived from 

the short-time Fourier transform phase; It also focuses on 

phase-based features used in speech processing applications; 
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