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Abstract

The short-time Fourier transform (STFT) of a speech signal has two components: the magnitude spectrum and the

phase spectrum. In this paper, the relative importance of short-time magnitude and phase spectra for speech perception is

investigated. Human perception experiments are conducted to measure intelligibility of speech stimuli synthesized either

from magnitude spectra or phase spectra. It is traditionally believed that the magnitude spectrum plays a dominant role

for small window durations (20–40ms); while the phase spectrum is more important for large window durations (>1s). It

is shown in this paper that even for small window durations, the phase spectrum can contribute to speech intelligibility as

much as the magnitude spectrum if the analysis–modification–synthesis parameters are properly selected.
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1. Introduction

In this paper, the usefulness of the phase spec-

trum 1 is explored in human speech perception. 2
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Fig. 1. Average identifcation performance and standard devi-

ation as a function of window size for phase-only and

magnitude-only stimuli, from the paper by Liu et al. (after

Liu et al. (1997)).
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spectrum in favour of features that are derived

purely from the magnitude spectrum 3 (Picone,

1993). In the ASR framework, speech is processed

frame-wise using a temporal window of duration

20–40ms. If the phase spectrum is to be of any
use for ASR applications, it should provide some

information about speech intelligibility using small

window durations (20–40ms) in a human percep-

tion experiment.

A few studies have been reported in the litera-

ture which discuss whether the phase spectrum

provides any information which can contribute

to intelligibility for human speech recognition
(HSR). Schroeder (1975), and Oppenheim and

Lim (1981) performed some informal perception

experiments, concluding that the phase spectrum

is important for intelligibility when the window

duration of the short-time Fourier transform

(STFT) is large (Tw > 1s), while it seems to convey

negligible intelligibility at small window durations

(20–40ms).
Liu et al. (1997) have recently investigated the

intelligibility of phase spectra through a more for-

mal human speech perception study. They

recorded six stop-consonants from 10 speakers

in vowel–consonant–vowel context. Using these

recordings, they created magnitude-only and

phase-only stimuli. Magnitude-only stimuli were

created by analysing the original recordings with
a STFT, replacing each frame�s phase spectra with

random phase values, then reconstructing the

speech signal using the overlap-add method. In

the case of phase-only stimuli, the original phase

of each frame was retained, while the magnitude

of each frame was set to unity for all frequency

components. The stimuli were created for various

window lengths from 16ms to 512ms. These were
played to subjects, whose task was to identify each

as one of the six consonants. Their results (Fig. 1)

show that intelligibility of magnitude-only stimuli

decreases while the intelligibility of the phase-only

stimuli increases as the window duration increases.
3 There are other speech processing applications where

spectral phase information is overlooked. For example, in

speech enhancement it is common practice to modify the

magnitude spectrum and keep the corrupt phase spectrum (Lim

and Oppenheim, 1979; Wang and Lim, 1982).
For small window durations (Tw < 128ms), mag-

nitude-only stimuli are significantly more intelligi-

ble than phase-only stimuli (while the opposite is

true for larger window lengths). This implies that

for small window durations (which are of rele-
vance for ASR applications), the magnitude spec-

trum contributes much more towards intelligibility

than the phase spectrum.

The authors of this paper initially set out to

reproduce Liu�s results; in doing so, made a

number of modifications in Liu�s analysis–modifi-

cation–synthesis procedure (see Fig. 2). The modi-

fications produce results which are different from
Liu�s results and more interesting from an ASR

application�s viewpoint. The first suggested modifi-

cation is that of the analysis window type. Liu and

his collaborators employed a Hamming window

for construction of both the magnitude-only and

phase-only stimuli. In our experiments, we find

that the intelligibility of phase-only stimuli is im-

proved significantly and becomes comparable to
that of magnitude-only stimuli when a rectangular

window is used. The second suggested modifica-

tion is the choice of analysis frame shift; Liu

et al. used a frame shift of Tw/2. As shown by

Allen and Rabiner (1977), in order to avoid alias-

ing errors during reconstruction, the STFT

sampling period (or frame shift) must be at most

Tw/4 for a Hamming window. In this paper,
to be on the safer side, we use a frame shift of

Tw/8. Our study also differs from Liu�s study with
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Fig. 2. Speech analysis–modification–synthesis system.
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respect to the number of consonants used (16 for

this study compared to 6 for Liu et al.). The design

parameters are discussed in further detail later in
this paper. Our results indicate that even for small

window durations (Tw < 128ms), the phase spec-

trum can contribute to speech intelligibility as

much as the magnitude spectrum if the analysis–

modification–synthesis parameters are properly

selected. 4

The paper outline is as follows: In Section 2, we

detail the analysis–modification–synthesis tech-
nique used to create the phase-only and magni-

tude-only stimuli. In Section 3, we describe a

number of experiments which evaluate the impor-

tance of short-time phase spectra and short-time

magnitude spectra in human speech perception.

In the first experiment, we demonstrate that intel-

ligibility of phase-only stimuli is improved signifi-

cantly when a rectangular window is used, and it
becomes comparable with that of magnitude-only

stimuli even for small window durations. In Exper-

iment 2, we construct magnitude-only and phase-

only stimuli for window sizes ranging from 16ms

to 2048ms, using both Liu�s parameter settings

and our parameter settings (discussed in Experi-
4 Some of our preliminary results have been presented

earlier in conferences (Paliwal, 2003; Paliwal and Alsteris, 2003;

Alsteris and Paliwal, 2004).
ment 1) in order to compare their intelligibility.

In the third experiment, we ascertain the contribu-

tion that each analysis–modification–synthesis

parameter provides towards the intelligibility of

signals reconstructed from phase spectra. In the
aforementioned experiments, magnitude-only

stimuli are created by randomising each frame�s
phase spectra. It is also possible to create magni-

tude-only stimuli by setting all phase values for

each frame to zero. Thus, in Experiment 4, we

address the issue of using random-phase or zero-

phase and determine if a significant difference

exists between magnitude-only stimuli constructed
with one or the other.
2. STFT analysis–modification–synthesis technique

Although speech is a non-stationary signal, it is

generally assumed to be quasi-stationary and,

therefore, can be processed through a short-time
Fourier analysis (Allen, 1977; Allen and Rabiner,

1977; Crochiere, 1980; Flanagan and Golden,

1966; Griffin and Lim, 1984; Mathes and Miller,

1947; Portnoff, 1976, 1979, 1980, 1981; Quatieri,

2002; Rabiner and Schafer, 1978; Schafer and

Rabiner, 1973). Note that the modifier �short-time�
implies a finite-time window over which the prop-

erties of speech may be assumed stationary; it does
not refer to the actual duration of the window. 5

The STFT of a speech signal s(t) is given by

Sðf ; tÞ ¼
Z 1

�1
sðsÞwðt � sÞe�j2pf sds; ð1Þ

where w(t) is a window function of duration Tw. In

speech processing, the Hamming window function
is typically used and its width Tw is normally 20–

40ms.

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

Sðf ; tÞ ¼ jSðf ; tÞjejwðf ;tÞ; ð2Þ
where jS(f, t)j is the short-time magnitude spectrum

and w(f, t) = \S(f, t) is the short-time phase spec-

trum. The signal s(t) is completely characterized

by its short-time magnitude and phase spectra.
5 We use the qualitative terms �small� and �large� to make

reference to the duration.
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The aim of the experiments in Section 3 is to

determine the contribution that the phase and mag-

nitude spectra provide towards speech intelligibility.

Accordingly, stimuli are created either from phase

or magnitude spectrum (see Fig. 2). In order to con-
struct, for example, an utterance with only phase

spectra, the signal is processed through the STFT

analysis using Eq. (1) and the magnitude spectrum

is made unity in the modified STFT Ŝðf ; tÞ; that is
bSðf ; tÞ ¼ ejwðf ;tÞ: ð3Þ

This modified STFT is then used to synthesize the

signal ŝðtÞ using the overlap-add method 6 (Allen

and Rabiner, 1977). The synthesized signal ŝðtÞ con-
tains all of the information about the short-time
phase spectra contained in the original signal s(t),

but will have no information about the short-time

magnitude spectra. We refer to this procedure as

the STFT phase-only synthesis and the utterances

synthesized by this procedure as the phase-only

utterances. Similarly, for generating magnitude-only

utterances, we retain each frame�s magnitude spec-

trum and randomise each frame�s phase spectrum;
that is, the modified STFT is computed as follows:

bSðf ; tÞ ¼ jSðf ; tÞjej/; ð4Þ
where / is a random variable uniformly distributed

between 0 and 2p. It may also seem plausible to set

/ to zero for all values of f and t. In Experiment 4,

reported later in Section 3, we test the intelligibility

of magnitude-only stimuli constructed with zero-

phase.

In the STFT-based speech analysis–modifica-
tion–synthesis system (shown in Fig. 1), there are

4 design issues that must be addressed.

(1) Analysis window type. This refers to the type of

window function w(t) used for computing the

STFT (Eq. (1)). A tapered window function

(such as Hanning, Hamming or triangular)

has been used in earlier studies (Liu et al.,
6 In the following experiments, we use Allen and Rabiner�s
reconstruction method (Allen and Rabiner, 1977) rather than

Griffin and Lim�s method (Griffin and Lim, 1984). We have

performed some experiments which indicate that there is no

significant difference in intelligibility between stimuli con-

structed from either method.
1997). Considering these studies have found

the phase spectrum to be unimportant at small

window durations, a rectangular (non-

tapered) window function is investigated in

this study in addition to a Hamming window
function.

(2) Analysis window duration. Over the course of

the experiments, we investigate eight window

durations (16, 32, 64, 128, 256, 1024, and

2048ms).

(3) STFT sampling period (frame shift). In order to

avoid aliasing during reconstruction, the STFT

must be adequately sampled across the time
axis. The STFT sampling period is decided by

the window function w(t) used in the analysis.

For example, for aHamming window, the sam-

pling period should be at most Tw/4 (Allen and

Rabiner, 1977). To be on the safer side, we have

used a sampling period of Tw/8. Although the

rectangular window can be used with a larger

sampling period, we use the same sampling per-
iod (i.e., Tw/8) to maintain consistency. In this

paper, we also refer to the STFT sampling per-

iod as the frame shift.

(4) Zero-padding. For a windowed frame of length

N (where N is a power of 2), the Fourier trans-

form is computed using the fast Fourier trans-

form (FFT) algorithm with a FFT size of 2N

points. This is equivalent to appending N zeros
to the end of the N-length frame prior to per-

forming the FFT. The resulting STFT is mod-

ified, then inverse Fourier transformed to get a

reconstructed signal of length 2N. Only the

first N points are retained, while the last N

points are discarded. This is done in order to

minimise aliasing effects. Zero-padding is used

in the construction of all stimuli in this study,
unless otherwise stated.
3. Human perception experiments

3.1. Experiment 1

In this experiment we compare the intelligibility

of magnitude-only and phase-only stimuli using

two window types: (1) a rectangular window, and



Table 1

Consonants used in all perception testing

a-Consonant-a As in

aba bat

ada deep

afa five

aga go

aka kick

ama mum

ana noon

apa pea

asa so

ata tea

ava vice

aza zebra

adha then

asha show

atha thing

azha measure

Table 2

Stimuli for Experiment 1 (with frame shift of Tw/8)

Type of stimuli Retained

spectrum

Window

type

Window

duration (ms)

A1 Magnitude Hamming 32

B1 Magnitude Rectangular 32

C1 Phase Hamming 32

D1 Phase Rectangular 32

E1 Magnitude Hamming 1024

F1 Magnitude Rectangular 1024

G1 Phase Hamming 1024

H1 Phase Rectangular 1024

Table 3
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(2) a Hamming window. 7 This comparison is

done at a small window duration of 32ms as well

as a large window duration of 1024ms.

3.1.1. Recordings

We record 16 commonly occurring consonants

in Australian English in aCa context (Table 1) spo-

ken in a carrier sentence ‘‘Hear aCa now’’. For
example, for the consonant /d/, the recorded utter-

ance is ‘‘Hear ada now’’. These 16 consonants in

the carrier sentence are recorded for four speakers:

2 males and 2 females, providing a total of 64

utterances. The recordings are made in a silent

room with a SONY ECM-MS907 microphone

(90� position). The signals are sampled at 16kHz

with 16-bit precision. The duration of each re-
corded signal is approximately 3s. 8

3.1.2. Stimuli

Each of the recordings are processed through

the STFT-based speech analysis–modification–

synthesis system to retain either only phase infor-

mation or only magnitude information. In this
7 A triangular window function is also investigated. Results

are similar to those provided by the Hamming window in all

test conditions. For the sake of clarity, we do not report these

results in this paper.
8 This time is inclusive of leading and trailing silence

periods.
experiment, we investigate two window durations:

(1) Tw = 32ms and (2) Tw = 1024ms.

There are eight types of stimuli for Experiment

1. The description of each type is provided in

Table 2. Some extra details for stimuli construc-

tion are presented in Table 3.

3.1.3. Subjects

As listeners, we use 12 native Australian English

speakers with normal hearing, all within the age

group of 20–35 years. The subjects are different

from those used for recording the speech stimuli.

3.1.4. Procedure

The perception tests for this experiment are

conducted over two sessions. In the first session,

the original speech signals and stimuli types A1,

B1, C1, and D1 are presented. In the second ses-

sion we present the original speech signals again,

in addition to stimuli types E1, F1, G1, and H1.

The subjects are tested in isolation in a silent

room. The reconstructed signals and the original
signals (a total of 320 for each session) are played

in random order via SONY MDR-V5000DF

earphones at a comfortable listening level. The

task is to identify each utterance as one of the 16
Detailed listing of settings for stimuli construction in Experi-

ment 1

Tw (ms) 32 1024

Tw (samples) 512 16384

FFT length 1024 32768

Tw/8 (ms) 4 128

Tw/8 (samples) 64 2048
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consonants. This way, we attain consonant identi-

fication accuracy (or, intelligibility) for each sub-

ject for different conditions. In both sessions, the

subjects are first familiarised with the task through

a short practice test. Session 1 (small window) re-
sults are provided in Table 4 and session 2 (large

window) results are provided in Table 5. Results

are averaged over the 12 subjects. The intelligibil-

ity of the original recordings is averaged over both

sessions.

Responses are collected through software. The

software displays the 16 aCa possibilities as well

as an extra option for a null response. Participants
are instructed to only choose the null response

when they have no clue as to what the consonant

may be. Responses are input via the keyboard in

the form of numbers (1–17). Each audio file is pre-

sented once. No feedback is provided.

3.1.5. Results and discussion

The following observations can be made from
Tables 4 and 5:

(1) For the large window duration of 1024ms, the

phase spectrum provides significantly more

information than the magnitude spectrum for
Table 4

Experiment 1: consonant intelligibility (or, identification accu-

racy) of magnitude-only and phase-only stimuli for a small

window duration of 32ms (with Tw/8 frame shift)

Type of stimuli Intelligibility (in %) for

Hamming window Rectangular window

Original 89.9 89.9

Magn. only 84.2 (A1) 78.1 (B1)

Phase only 59.8 (C1) 79.9 (D1)

Table 5

Experiment 1: consonant intelligibility (or, identification accu-

racy) of magnitude-only and phase-only stimuli for a large

window duration of 1024ms (with Tw/8 frame shift)

Type of stimuli Intelligibility (in %) for

Hamming window Rectangular window

Original 89.9 89.9

Magn. only 14.1 (E1) 13.3 (F1)

Phase only 88.0 (G1) 89.3 (H1)
both the Hamming window function

(F [1, 11] = 2880.57, p < 0.01) and the rectan-

gular window function (F[1,11] = 1582.38,

p < 0.01). This observation is consistent with

the results reported earlier in the literature
(Liu et al., 1997; Oppenheim and Lim, 1981;

Schroeder, 1975).

(2) The difference in intelligibility between magni-

tude-only stimuli constructed with a Hamming

window and magnitude-only stimuli con-

structed with a rectangular window at a large

window duration of 1024ms is insignificant

(F[1,11] = 0.63, p < 0.01). The same can also
be said for phase-only signals constructed with

either window type at the large window dura-

tion (F[1, 11] = 1.18, p < 0.01).

(3) For the small window duration of 32ms, intel-

ligibility of magnitude-only stimuli is signifi-

cantly better than the phase-only stimuli

when the Hamming window function is used

(F[1,11] = 17.4, p < 0.01), but these are com-
parable when the rectangular window function

is used (F[1, 11] = 2.91, p < 0.01). Thus, if a

rectangular window function is used in the

STFT analysis–modification–synthesis system,

the phase spectrum carries as much informa-

tion about the speech signal as the magnitude

spectrum, even for small window durations,

which are typically used in speech processing
applications.

(4) For a small window duration of 32ms, the

Hamming window provides better intelligibil-

ity than the rectangular window for magni-

tude-only stimuli (F[1,11] = 29.38, p < 0.01);

while the rectangular window is better than

the Hamming window for the construction

of phase-only stimuli (F[1,11] = 176.30,
p < 0.01).

(5) For a small window duration of 32ms, the

best intelligibility results from magnitude-only

stimuli (obtained by using a Hamming win-

dow) are significantly better than the best

results from phase-only stimuli (obtained

using a rectangular window) (F[1, 11] =

17.14, p < 0.01).

These results can be explained as follows. The

multiplication of a speech signal with a window
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function is equivalent to the convolution of the

speech spectrum S(f) with the spectrum W(f) of

the window function. The window�s magnitude

spectrum 9 jW( f )jhas a big main lobe and a num-

ber of side lobes. This causes two problems: (1)
frequency resolution problem and (2) spectral

leakage problem. The frequency resolution prob-

lem is caused by the main lobe of jW(f)j. When

the main lobe is wider, a larger frequency interval

of the speech spectrum gets smoothed and the fre-

quency resolution problem becomes worse. The

spectral leakage problem is caused by the side-

lobes; the amount of spectral leakage increases
with the magnitude of the side lobes. For magni-

tude-only utterances, we want to preserve the true

magnitude spectrum of the speech signal. For the

estimation of the magnitude spectrum, frequency

resolution as well as spectral leakage are serious

problems. Since the Hamming window has a wider

main lobe and smaller side lobes in comparison to

the rectangular window, the Hamming window
provides a better trade-off between frequency reso-

lution and spectral leakage than the rectangular

window and, hence, it results in higher intelligibil-

ity for the magnitude-only utterances. For the esti-

mation of the phase spectrum, it seems that the

side lobes do not cause a serious problem; the

smoothing effect caused by the main lobe appears

to be more serious. It is because of this that the
rectangular window results in better intelligibility

than the Hamming window for phase-only utter-

ances. Reddy and Swamy (1985) have also recom-

mended the use of a rectangular window function

in the computation of the group delay spectrum,

which is a frequency derivative of the phase

spectrum.

For magnitude-only stimuli constructed with a
small window duration, the best intelligibility is

obtained for a Hamming window (type A1). For

phase-only stimuli constructed with a small win-

dow duration, the best intelligibility is obtained

when a rectangular window is used (type D1). In

order to provide some details about the acoustic

properties of these stimuli, we present, in Fig. 3,
9 The window�s phase spectrum \W(f) is a linear function of

frequency and, hence, does not cause a problem in estimating

the speech spectrum S(f).
a spectrogram 10 for a sentence of speech and the

corresponding magnitude-only (type A1) and

phase-only (type D1) spectrograms. 11 The magni-

tude-only spectrogram is visually more similar to

that of the original spectrogram than the phase-
only spectrogram. In keeping the magnitude infor-

mation, we also maintain the frame energies; thus,

in the magnitude-only reconstruction, the short-

time energy contour is preserved. The image

contrast, therefore, in the magnitude-only spectro-

gram is similar to that of the original spectrogram.

In phase-only reconstruction, however, setting

each frame�s magnitude spectra to unity suppresses
energy information, resulting in an almost

constant energy contour over the duration of the

reconstructed signal. This results in the silent parts

at the beginning and end of the original utterance

being heard as loud as the speech parts in the

reconstructed signal.

Another interesting point can be observed

through the time-domain plots in Fig. 4. This figure
compares a 32ms time frame of speech to its recon-

structed magnitude-only (type A1) and phase-only

(type D1) signals. In the phase-only reconstruction

(Fig. 4(b)), pitch epochs are preserved, while they

are lost in the magnitude-only reconstruction

(Fig. 4(c)). Thus, the phase-only reconstruction

preserves the pitch-related timing aspects.

As noted previously, the choice of analysis win-
dow type for the construction of magnitude-only

and phase-only stimuli for large window durations

is unimportant. For consistency, however, the

authors recommend that the best analysis window

functions used for constructing magnitude-only

and phase-only stimuli at small window durations

(as in stimuli types A1 and D1) should also be used

for construction at large window durations (as in
stimuli types E1 and H1). With this in mind, we

introduce Fig. 5, which presents magnitude-only

(type E1) and phase-only (type H1) reconstruc-

tions of the same speech. At large analysis window
constructed using a Hamming analysis window of length 32ms,

a time shift of 1ms, a pre-emphasis coefficient of 0.97 and a

dynamic range of 50dB.
11 Refer to Appendix A for an explanation of why we can

see formant structure in the ‘‘phase-only’’ stimuli.



Fig. 3. (a) Spectrogram of the original speech sentence ‘‘Why were you away a year Roy?’’, (b) phase-only (type D1) spectrogram, and

(c) magnitude-only (type A1) spectrogram.
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Fig. 4. (a) 32ms segment of speech, (b) phase-only (type D1) reconstruction, and (c) magnitude-only (type A1) reconstruction.

160 K.K. Paliwal, L.D. Alsteris / Speech Communication 45 (2005) 153–170
durations (we use Tw = 1024ms), phase-only stim-

uli (type H1) provide much better intelligibility

than magnitude-only stimuli (type E1). Formant

tracks are visible in the phase-only spectrogram
(Fig. 5(b)), and are absent in the magnitude-only

spectrogram (Fig. 5(c)). This explains the better

intelligibility of phase-only stimuli over magni-

tude-only stimuli for large window durations.



Fig. 5. (a) Spectrogram of the original speech sentence ‘‘Why were you away a year Roy?’’, (b) phase-only (type H1) spectrogram, and

(c) magnitude-only (type E1) spectrogram.

Table 6

Stimuli for Experiment 2

Type of stimuli Retained

spectrum

Window

type

Frame

shift

A2 Phase Hamming Tw/2

B2 Magnitude Hamming Tw/2

C2 Phase Rectangular Tw/8

D2 Magnitude Hamming Tw/8
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3.2. Experiment 2

In this experiment, we investigate more closely

how intelligibility varies with window duration

for magnitude-only and phase-only stimuli. We
construct magnitude-only and phase-only stimuli

using the analysis–modification–synthesis parame-

ters used by Liu et al. (1997) and compare the

intelligibility scores to stimuli constructed using

our best parameter settings suggested in Experi-

ment 1. This comparison is made over a number

of analysis window durations, ranging from

16ms to 2048ms.

3.2.1. Stimuli

In their experiments, Liu et al. used a Hamming

window and a frame shift of Tw/2 for construction

of both phase-only and magnitude-only stimuli.

These parameter selections differ to those sug-

gested in this paper, where we use a rectangular

window for phase-only reconstruction, a Ham-
ming window for magnitude-only reconstruction,

and a frame shift of Tw/8 for both types of stimuli.

In this experiment we have four types of stimuli

to compare at eight analysis window durations (16,

32, 64, 128, 256, 512, 1024, and 2048ms). Table 6

details the parameters used to construct each type

of stimulus and the names subsequently used to

reference them. Stimuli types A2 and B2 are con-
structed with Liu�s settings and stimuli types C2
and D2 are constructed using the best settings sug-

gested in Experiment 1 of this section.

3.2.2. Procedure

The experiment is split into two parts: in the

first part, the intelligibility of stimuli types A2

and B2 are compared, while in the second part

we compare the intelligibility of stimuli types C2

and D2. The details of the experimental setup are

the same as those used in Experiment 1.

3.2.3. Results and discussion

The intelligibility of stimuli types A2 and B2

over all analysis window durations are compared

in Fig. 6(a). The intelligibility of magnitude-only

(type B2) stimuli is almost 2 times better than that

of the phase-only (type A2) stimuli at small analy-

sis window durations. The intelligibility of magni-
tude-only (type B2) stimuli decreases while

intelligibility of phase-only (type A2) stimuli in-

creases as the analysis window duration increases.
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Fig. 6. Consonant identification performance (or, intelligibility) as a function of window duration for the magnitude-only and phase-

only stimuli of Experiment 2. Intelligibility for the original utterances (without any modification) is shown by horizontal dot-dashed

line. (a) Stimuli type A2 versus stimuli type B2, (b) Stimuli type C2 versus stimuli type D2.

Table 7

Experiment 2: Comparison of consonant intelligibility (or,

identification accuracy) of magnitude-only and phase-only

stimuli constructed with our parameter settings and those

settings used in Liu et al. (1997) at 32ms window duration

Type of stimuli Intelligibility (in %) for

Our

settings

Liu et al. (1997)

settings

Original 94.6 94.6

Magn. only 89.8 (D2) 92.2 (B2)

Phase only 85.2 (C2) 51.6 (A2)
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The crossover point is around 128ms. The trends

observed here are similar to those observed by

Liu and his colleagues (Liu et al., 1997).

Intelligibility results for stimuli types C2 and

D2 are shown in Fig. 6(b). It can be observed from

this figure that for magnitude-only (type D2) stim-
uli, the intelligibility decreases with an increase in

window duration. The trend of this relationship

is similar to that for type B2 stimuli (Liu�s
method). For phase-only stimuli of type C2 (our

method of constructing phase-only stimuli), the

intelligibility scores are almost the same for all

the window durations. Compare this to Fig. 6(a),

where the intelligibility of type A2 (Liu�s method
of constructing phase-only stimuli) is much worse

at small window lengths. The crossover point in

Fig. 6(b) is between 64ms and 128ms.

Table 7 compares the intelligibility scores at

32ms of all 4 types of stimuli. There is no signifi-

cant difference between the two types of magni-

tude-only stimuli (B2 and D2). With the help of

a rectangular window and the analysis frame shift
of Tw/8, the human recognition results for short-
time phase-only stimuli is significantly improved

at small window lengths.
3.3. Experiment 3

As seen in Experiment 2, our intelligibility re-

sults for phase-only stimuli are better than previ-

ously reported by Liu et al. (1997). We have

shown that phase-only stimuli, constructed with

different parameter settings than those used by
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Liu et al., provide intelligibility comparable to that

of magnitude-only stimuli at small analysis win-

dow durations. It will be interesting to see the

reasons why we get this improvement in intelligi-

bility. Recall the 4 analysis–modification–synthesis
parameters discussed in Experiment 1: window

type, window duration, window shift and zero-

padding. In this experiment, we determine the

contribution that each parameter setting provides

towards improving the intelligibility of signals

reconstructed from short-time phase spectra.

3.3.1. Stimuli

The previous experiment demonstrated that it is

possible to attain a good intelligibility score for

phase-only stimuli with a small analysis window

duration of 32ms. Therefore, in this experiment,

the window duration is set constant at 32ms. A

number of combinations of the other parameters

are tested in order to ascertain their respective con-

tribution to the intelligibility of phase-only stimuli.
Table 8 details the parameters used to construct

each type of stimuli and the names we will use to

refer to them in this experiment. Note that stimuli

types A3, B3 and C3 are constructed without zero-

padding. The original recordings and the stimuli

provide a total of 320 audio files.

3.3.2. Procedure

The 320 audio files are presented to each subject

in a single session. The details of the experimental

setup are the same as those used in Experiment 1.
Table 8

Comparison of consonant intelligibility (or, identification

accuracy) for the phase-only stimuli used in Experiment 3

(Tw = 32ms)

Type of

stimuli

Parameter

settings

Phase-only

intelligibility

A3 Hamming window,

Tw/2 overlap

45.3%

B3 Rectangular window,

Tw/2 overlap

76.6%

C3 Rectangular window,

Tw/8 overlap

82.8%

D3 Rectangular window,

Tw/8 overlap, zero-padding

85.9%
3.3.3. Results and discussion

The intelligibility scores are provided in Table

8. The scores indicate that the major contribution

to overall intelligibility comes from the use of the

rectangular window (stimuli type B3). Decreasing
the frame shift provides a smaller improvement

in intelligibility (stimuli type C3). The zero-pad-

ding also seems to contribute a slight improvement

in intelligibility (stimuli type D3).

Fig. 7 presents the spectrogram of a sentence of

speech with its reconstructed phase-only stimuli

A3, B3, C3 and D3. The increasing clarity of the

formant tracks in these spectrograms, from A3
through D3, is indicative of the corresponding

trend in the intelligibility of these stimuli.

3.4. Experiment 4

In the experiments described so far, we have re-

placed the short-time phase spectrum by random

numbers in order to reconstruct our magnitude-
only stimuli. It will be interesting to see how mak-

ing the phase spectrum zero for all frequencies will

affect the intelligibility of the magnitude-only stim-

uli. Therefore, in this experiment, we address the

issue of replacing phase with random-phase and

zero-phase in the construction of magnitude-only

stimuli. In order to determine if there exists a sig-

nificant intelligibility difference between these two
choices, we conduct the following experiment.

3.4.1. Stimuli

Two sets of magnitude-only stimuli are con-

structed; one with zero-phase and the other with

random-phase. A short window duration of 32ms,

frame shift of Tw/8 = 4ms, and a Hamming analy-

sis window are used. The 64 original utterances
and the reconstructed stimuli provide a total of

192 audio files.

3.4.2. Procedure

The 192 audio files are presented to each subject

in a single session. The details of the experimental

setup are the same as those used previously.

3.4.3. Results and discussion

The results of this experiment are shown in

Table 9. The intelligibility of the random-phase



Fig. 7. The spectrograms of phase-only stimuli at an analysis window duration of 32ms: (a) stimulus type A3, (b) stimulus type B3, (c)

stimulus type C3, (d) stimulus type D3, and (e) spectrogram of the original speech sentence ‘‘Why were you away a year Roy?’’.

Stimulus construction parameters are given in Table 8.

Table 9

Experiment 4: Consonant intelligibility (or, identification accu-

racy) of magnitude-only stimuli constructed with random-phase

and zero-phase (with Tw/8 frame shift, and Tw = 32ms)

Type of stimuli Intelligibility (in %)

Original 91.1

Random phase 86.4

Zero phase 75.4
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stimuli is significantly higher than those of the

zero-phase stimuli.
We can explain this result by observing the

spectrograms of Fig. 8. Setting the phase of each

frame to zero introduces a periodicity (with a per-

iod equal to that of the frame shift) which mani-

fests itself as horizontal lines on the spectrogram

(Fig. 8(b)), producing a high pitched, unnatural

sounding speech. The resulting stimuli is so unnat-

ural that it seems to have an adverse effect on intel-
ligibility. The subjects described the zero-phase

stimuli as �harsh� and �robotic�.
To explain the periodicity in the zero-phase

stimuli, we refer to Fig. 9. To create the waveform

in Fig. 9(b), we perform the STFT analysis on the

32ms frame of speech shown in Fig. 9(a), replace

its phase spectrum with zero-phase, then apply an

inverse Fourier transform. As expected, we get an

autocorrelation-like sequence. Thus, zero-phase

puts more energy towards the beginning of the

frame. Note that the first sample in the frame,
which is similar to the zeroth order autocorrelation

coefficient, has the largest value. The waveform in

Fig. 9(c) is constructed in a similar manner except

that the phase spectrum is replaced by random-

phase. The random-phase distributes the energy

across the time-axis. Fig. 10 illustrates the results

of using zero-phase and random-phase for the

reconstruction of a magnitude-only stimuli. The
large peak of the zero-phase signal in Fig. 9(b)



Fig. 8. Spectrograms of (a) the original speech sentence ‘‘Why were you away a year Roy?’’, (b) magnitude-only, zero-phase stimuli,

and (c) magnitude-only, random-phase stimuli (with Tw/8 frame shift, and Tw = 32ms).
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Fig. 9. The result of processing one frame of speech, retaining only its magnitude information. (a) Original speech segment, (b) zero-

phase and (c) random-phase.
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now repeats itself every 4ms (1/8 of 32ms) in Fig.

10(b). This periodicity is not present in the ran-
dom-phase signal of Fig. 10(c). Consequently, the

random-phase stimuli are �easier to listen to�. Sub-
jects describe the random-phase stimuli as �natural�,
�mellow�, and �breathy�. This naturalness is most
likely attributed to the lower peak factor of the ran-

dom-phase signal (Schroeder and Strube, 1986).
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166 K.K. Paliwal, L.D. Alsteris / Speech Communication 45 (2005) 153–170
4. Conclusion

In this paper, the relative importance of short-

time magnitude and phase spectra on speech

perception is investigated. Human perception

experiments are conducted to measure intelligibil-

ity of speech stimuli reconstructed either from

magnitude spectra or phase spectra. The experi-

ments reported here demonstrate that even for

small window durations, phase spectra can
contribute to speech intelligibility as much as

magnitude spectra if the analysis–modification–

synthesis parameters are properly selected. 12

Although the STFT phase spectrum is as

important for speech intelligibility as the STFT

magnitude spectrum, it is not clear whether these
12 During the revision of this work, the authors noticed a

paper by Cox and Robinson (1980) which tends to confirm the

findings of some of the experiments reported in the present

paper.
two spectra contribute to speech intelligibility in

a complementary (or independent) fashion. In
order to answer this question, we have done a de-

tailed analysis of confusion matrices for consonant

identification obtained from Experiment 1. How-

ever, we have not been able to observe any consist-

ent pattern. We intend to explore this issue further

in the future. 13

In this work, we reconstruct intelligible speech

from short-time magnitude spectra by making
the short-time phase spectra random. We also

reconstruct intelligible speech from short-time

phase spectra by setting the short-time magnitude

spectra to unity. It may be possible to improve the

intelligibility of the reconstructed stimuli if we

make some assumptions about the speech signal.
13 To maintain clarity, the confusion matrices are not

provided in this paper. The interested reader can view the

confusion matrices at http://maxwell.me.gu.edu.au/spl/research/

phase/project.htm.

http://maxwell.me.gu.edu.au/spl/research/phase/project.htm
http://maxwell.me.gu.edu.au/spl/research/phase/project.htm
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For example, if we assume speech to be a mini-

mum phase signal, the phase spectra and magni-

tude spectra are related through the Hilbert

transform (Oppenheim and Schafer, 1975). This

makes it possible to reconstruct the phase spec-
trum of a speech frame given its magnitude spec-

trum, or to reconstruct the magnitude spectrum

given its phase spectrum. A number of reconstruc-

tion algorithms, which utilise the constraints im-

posed by certain assumptions made about the

speech signal, have been proposed in the literature

(Espy and Lim, 1983; Griffin and Lim, 1984;

Hayes et al., 1980; Izraelevitz, 1985; Merchant
and Parks, 1983; Nawab et al., 1983; Quatieri

and Oppenheim, 1981; Thomas and Hayes, 1984;

Van Hove et al., 1983; Yegnanarayana et al.,

1984; Yegnanarayana et al., 1987). It is the inten-

tion of the authors to implement some of these

alternative reconstruction procedures to ascertain

if more intelligibility can be drawn from short-time

phase spectra of speech. The stimuli for this work
were created from recordings made in clean condi-

tions. The usefulness of phase information in the

presence of noise and other adverse influences will

also be investigated in the future.

The goal of this work is to gain a better under-

standing of the role that the short-time phase spec-

trum plays in human speech perception. The

results of our experiments in this paper have
shown that the phase spectrum not only contrib-

utes to speech intelligibility at large analysis win-

dow durations (Tw = 1024ms), but also at small

analysis window durations (Tw = 32ms). Since

the speech processing in ASR applications is done

frame-wise over small analysis window durations

(20–40ms), it is logical to investigate the use of

phase spectrum to extract features for these appli-
cations. Some preliminary results have already

been reported earlier (Paliwal, 2003; Paliwal and

Atal, 2003), which show the usefulness of phase

spectrum for ASR. More detailed results will be re-

ported in the future.
14 This spectrogram is created with a rectangular analysis

window and no pre-emphasis in order to visualise the effect

of the unity-magnitude constraint. For consistency, all other

spectrograms for this discussion are created in the same

manner.
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Appendix A.

Throughout this paper, we have explained intel-

ligibility results through the comparison of spectr-

ograms. There seems to be a direct correlation

between intelligibility and the presence of form-

ant-like structure in these spectrograms. One may

ask how do we get this formant structure in the
spectrograms of our ‘‘phase-only’’ stimuli. This

may happen either due to the overlap-add proce-

dure used in the reconstruction of phase-only stim-

uli, or it may come as an artifact of spectrogram

computation. These issues are addressed in the fol-

lowing discussion.

We construct a phase-only signal using a rec-

tangular window with duration of Tw = 32ms
and frame shift of Tw (i.e., no overlap). We com-

pute the spectrogram 14 for this signal with a win-

dow duration of 32ms and a frame shift of 32ms.

This is shown in Fig. A.1(b). As expected, we at-

tain a flat spectrogram. Although one can hear

speech in the signal (albeit with little intelligibility),

it is an interesting observation that the spectro-

gram provides no information whatsoever. If we
change the spectrogram frame shift to 1ms, we

obtain Fig. A.1(c). The reason we can now see

some formant structure is because the magnitude

spectrum is not unity for all frames used in the

spectrogram computation. The unity-magnitude

spectrum constraint only exists if the spectrogram

frame duration is 32 ms (the same as the recon-

struction frame duration) and its ends coincide
with the ends of a reconstruction frame (e.g.,

Fig. A.2(a)). Thus, wherever the spectrogram

frame does not line up with a reconstruction

frame, the unity-magnitude spectrum constraint



Fig. A.1. Spectrograms of (a) the original speech sentence ‘‘Why were you away a year Roy?’’, and the phase-only stimuli, where (b)

the stimulus is constructed with frame duration of Tw and frame shift of Tw and the spectrogram is created with the same frame

duration and shift, (c) as in b, but the spectrogram uses a frame shift of 1ms, (d) the stimulus is constructed with frame duration of Tw

and frame shift of Tw/8 and the spectrogram is created with frame duration of Tw and frame shift of Tw, and (e) as in d, but the

spectrogram uses a frame shift of 1ms.

Reconstruction
frames

(c) (b)

(a)

(d)

Fig. A.2. Reconstructed frames placed end to end (i.e., no

overlap). For the spectrogram computation, the reconstructed

signal can be analysed (a) in synchrony, (b) out of synchrony, (c)

at a smaller frame duration, or (d) at a longer frame duration.
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is not enforced (e.g., Fig. A.2(b)). In addition, no

unity-magnitude spectrum constraint exists at
spectrogram frame durations less than and greater
than 32ms (e.g., Fig. A.2(c) and (d)).

Next, we construct another phase-only signal

using a rectangular window with the same duration

(Tw = 32ms), but change the frame shift to Tw/8.

Again, we create a spectrogram for this signal with

a window duration of 32ms and frame shift of

32ms (Fig. A.1(d)). Unlike Fig. A.1(b), we see

formant structure, which comes from overlapping
and adding of the reconstructed frames. By using

a spectrogram frame shift of 1ms, we obtain a bet-

ter view of the formant structure (Fig. A.1(e)).
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