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ABSTRACT

Short-time Fourier transform of speech signal has two com-
ponents: magnitude spectrum and phase spectrum. In this
paper, relative importance of short-time magnitude and phase
spectra on speech perception is investigated. Human percep-
tion experiments are conducted to measure intelligibility of
speech tokens synthesized either from magnitude spectrum
or phase spectrum. Itis traditionally believed that magnitude
spectrum plays a dominant role for shorter windows (20-30
ms); while phase spectrum is more important for longer win-
dows (128-3500 ms). It is shown in this paper that even for
shorter windows, phase spectrum can contribute to speech
intelligibility as much as the magnitude spectrum if the shape
of the window function is properly selected.

1. INTRODUCTION

Though speech is a non-stationary signal, it can be assumed
to be quasi-stationary and, therefore, can be processed through
a short-time Fourier analysis. The short-time Fourier trans-
form (STFT) of speech signal s(t) is given by

Sy, t) = /OO s(T)w(t —7)e™2™7dr, (1)
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where w(t) is a window function of duration 7T}, In speech
processing, the Hamming window function is typically used
and its width T3, is normally 20-40 ms.

We can decompose S(v, t) as follows:

S(v,t) = |S(y,t)]el? ™), )
where |S(v,t)| is the short-time magnitude spectrum and
P(v,t) = £S(v,t) is the short-time phase spectrum. Square
of magnitude spectrum is called the power spectrum (i.e.;
P(v,t) = |S(v,t)|?). The signal s(t) is completely charac-
terized by its short-time power and phase spectra.

About 150 years ago, Ohm [1] observed that the human
auditory system is phase-deaf; i.e., it ignores phase spec-
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trum and uses only magnitude spectrum for speech percep-
tion. Helmholtz [2] confirmed Ohm’s observation by ex-
perimenting with stimuli having same magnitude spectrum,
but different phase spectra, and hearing no audible differ-
ence between these stimuli. Since then, a number of re-
searchers have tried to explore audibility of phase spectrum
and have found that Helmholtz’s conclusion is not correct.
They found [3, 4, 5, 6, 7, 8] that stimuli having same mag-
nitude spectrum and generated as a sum of harmonically-
related sinusoids are clearly distinguishable if they have dif-
ferent phase spectra. For speech coding and synthesis ap-
plications, it has been shown [9, 10, 11, 12] that the phase
spectrum contributes to the quality and naturalness of the
synthesized speech.

Though the phase spectrum carries half of the informa-
tion about the speech signal (as seen from Eq. (2)), it has been
totally discarded (or given very little importance) in most of
the automatic speech recognition (ASR) applications [13].
For these applications, it is important to know whether phase
spectrum provides any information which adds to the intel-
ligibility of speech signal for human speech perception. If
this is the case, then it will be useful for ASR applications.

A few studies have been reported in the literature which
discuss whether phase spectrum provides any information
which can help the human auditory system in identifying
phonemes from the speech signal (i.e., whether phase spec-
trum is contributing to phoneme intelligibility for human
speech recognition (HSR).) Schroeder [14] and Oppenheim
and Lim [15] have informally observed that the phase spec-
trum is important for human speech recognition (HSR) for
phoneme identification (or, intelligibility) when the window
used for STFT is large (greater than 1 sec). When the win-
dow duration is small (about 20-40 ms), the short-time phase
spectrum conveys no information about the intelligibility of
speech. Liu et al. [16] have recently confirmed these find-
ings through a more formal human speech perception study.

For ASR, speech signal is processed frame-wise using a
temporal window of duration 20-40 ms. Therefore, if phase
spectrum is of any use for ASR application, it should pro-
vide some information about phoneme intelligibility using
small window durations (20-40 ms) in a human perception
experiment.



In this paper!, the usefulness of phase information is ex-
plored in human speech perception. Through human listen-
ing tests, it is shown that the short-time phase spectrum (with
window size of 32 ms) contributes to speech intelligibility
as much as the corresponding power spectrum.

2. HUMAN PERCEPTION EXPERIMENTS AND
RESULTS

Here, we assess the importance of short-time phase spectrum
against the short-time magnitude spectrum through human
perception experiments. For this, we record 16 commonly
occurring consonants in Australian English in aCa context
spoken in a carrier sentence ‘“Hear aCa now”. For example,
for consonant /d/, the recorded utterance is “‘Hear ada now”.
These 16 consonants in the carrier sentence are recorded for
4 speakers: 2 males and 2 females. Each of the 64 utter-
ances are processed through a STFT-based speech analysis-
modification-synthesis system (shown in Fig. 1) to retain
either only phase information or only amplitude informa-
tion.
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Fig. 1. Speech analysis-modification-synthesis system.

In order to get, for example, an utterance with only phase
information, the signal is processed through the STFT anal-
ysis using Eq. (1) and the short-time magnitude spectrum is

ISome of the results have been presented earlier in a conference [17].

made unity in the modified STFT S (v, 1); ie.,
S(v,t) = Vb, 3)

This modified STFT is then used to synthesize the signal
5(t) using the overlap-add method [18, 19]. The synthesized
signal §(t) contains all the information about the short-time
phase spectrum contained in the original signal s(t), but will
have no information about its short-time magnitude spec-
trum. We call this procedure as the STFT phase-only syn-
thesis and the utterances synthesized by this procedure as the
phase-only utterances. Similarly, for generating magnitude-
only utterances, we retain the short-time magnitude spec-
trum, but make the short-time phase spectrum totally ran-
dom; i.e., the modified STFT is computed as follows:

S(w,t) = [S(wt)]e?, )

where ¢ is a random variable uniformly distributed between
0 and 27.

In the STFT-based speech analysis-modification-synthesis
system using the overlap-add method, there are three de-
sign issues that have to be addressed. First, what type of
window function w(¢) should be used for computing STFT
(Eq. (1))? Normally, a tapered window function (such as
Hanning, Hamming or triangular) has been used in earlier
studies [16]. Since these studies have found short-time phase
spectrum to be unimportant, we decided to check a window
function which is not tapered. Therefore, in our paper, we in-
vestigate two window functions: Hamming and rectangular.
Second, what should be the duration T, of the window func-
tion? In our study, we investigate the importance of STFT
phase spectrum for two different durations: 1) T}, = 32 ms
and 2) T}, = 1024 ms. Third, how often should we compute
STFT; i.e., how often should we sample the STFT across
time axis? Since we have to synthesize the signal from it,
this should be done to avoid the aliasing errors. Thus, itis de-
cided by the window function w(t) used in the analysis. For
example, for Hamming window, the sampling period should
be at most Ty, /4 [18]. To be on a safer side, we have used
a sampling period of T, /8; i.e., we update our frame every
T, /8. Though the rectangular window can be used with
larger sampling period, we use the same value of sampling
period (i.e., T, /8) to maintain the consistency.

In our human perception (listening) tests, we use 12 sub-
jects; all are native Australian English speakers within the
age group of 20-35 years. The magnitude-only, phase-only
and original utterances are played in random order to each
subject through a headphone and the task of the subject is
to identify each utterance as one of the sixteen consonants.
This way, we get consonant identification (or, intelligibility)
accuracy for each subject for different conditions. These per-
ception tests are done in two sessions. In the first session,
we use window duration of 32 ms. Results averaged over
the 12 subjects are listed in Table 1. In the second session,



Table 1. Consonant intelligibility (or, identification accu-
racy) of magnitude-only and phase-only utterances for Ham-
ming and rectangular windows with window duration of
32 ms.

Type of Intelligibility (in %) for

stimuli Hamming window | Rect. window

Original 88.8 88.8
Magn. only 84.2 78.1
Phase only 59.8 79.9

Table 2. Consonant intelligibility (or, identification accu-
racy) of magnitude-only and phase-only utterances for Ham-
ming and rectangular windows with window duration of
1024 ms.

Type of Intelligibility (in %) for

stimuli Hamming window | Rect. window

Original 90.9 90.9
Magn. only 14.1 13.3
Phase only 88.0 89.3

window duration of 1024 ms is used and the results are listed
in Table 2.

We can make the following observations from these two
tables: For longer window durations (77, = 1024 ms), short-
time phase spectrum provides significantly more information
than the short-time magnitude spectrum for both the window
functions®. This observation is consistent with the results
reported earlier in the literature [14, 15, 16]. For shorter
window durations (77, =32 ms), intelligibility of magnitude-
only utterances is significantly better than the phase-only ut-
terances for Hamming window function, but these are com-
parable for the rectangular window function. Thus, if we
use the rectangular window function in the STFT analysis-
modification-synthesis system, the short-time phase spec-
trum carries as much information about the speech signal as
the short-time magnitude spectrum, even for shorter window
durations (7, = 32 ms) which are typically used in speech
processing applications.

From Tables 1 and 2, we can make another observation.
For shorter window durations (73, = 32 ms), Hamming win-
dow provides better intelligibility for magnitude-only utter-
ances; while rectangular window is better for the phase-only
utterances. This result can be explained as follows. We know
that multiplication of speech signal with a window function
is equivalent to convolution of speech spectrum S(f) with
frequency response W (f) of the window function. Win-
dow’s spectrum W ( f) generally has a big main lobe and a
number of side lobes. This causes two problems: frequency

2 Analysis of variance and paired t-tests have been used throughout the
paper to check statistical significance of the results at 0.01 level.

resolution problem and spectral leakage problem. The fre-
quency resolution problem is caused by the main lobe of
W (f). Wider is the main lobe, larger frequency interval of
the speech spectrum gets smoothed and worse becomes the
frequency resolution problem. The side lobes cause spectral
leakage problem; the amount of spectral leakage increases
with the magnitude of side lobes. For magnitude-only utter-
ances, we want to preserve the true magnitude spectrum of
the speech signal. For the estimation of magnitude spectrum,
frequency resolution as well as spectral leakage are serious
problems. Since Hamming window has wider main lobe
and smaller side lobes in comparison to rectangular window,
the Hamming window provides better trade-off between fre-
quency resolution and spectral leakage than the rectangu-
lar window and, hence, it results in higher intelligibility for
the magnitude-only utterances. For the estimation of phase
spectrum, the side lobes do not cause serious problem; the
smoothing effect caused by the main lobe is more serious.
Because of this, the rectangular window results in better in-
telligibility than the Hamming window for the phase-only
utterances.
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Fig. 2. Consonant identification performance (or, intelligi-
bility) as a function of window duration for magnitude-only
and phase-only utterances. Intelligibility for the original ut-
terances (without any modification) is shown by horizontal
dot-dashed line.

So far, we have provided intelligibility results for two
window durations only. Now, we investigate how intelligi-
bility varies with window duration for magnitude-only and
phase-only utterances. For this, we use Hamming window
for magnitude-only utterances and rectangular window for
phase only utterances. Results are shown in Fig. 2. It can
be observed from this figure that for the magnitude-only ut-
terances, the intelligibility score remains almost constant for
16 to 64 ms window-durations and it decreases sharply for
the window duration larger than 64 ms. For phase-only ut-



terances, the intelligibility scores is almost same for all the
window durations.

3. CONCLUSION

In this paper, relative importance of short-time magnitude
and phase spectra on speech perception is investigated. Hu-
man perception experiments are conducted to measure intel-
ligibility of speech tokens synthesized either from magnitude
spectrum or phase spectrum. It is traditionally believed that
magnitude spectrum plays a dominant role for shorter win-
dows (20-30 ms); while phase spectrum is more important
for longer windows (128-3500 ms). It is shown in this paper
that even for shorter windows, phase spectrum can contribute
to speech intelligibility as much as the magnitude spectrum
if the shape of the window function is properly selected.
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