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ABSTRACT

A practical question in a Fourier transform coding of
speech signals is to what accuracy their amplitude and
phase spectra have to be represented without perceptible
distortions. In this paper we are concerned with the au-
dibility of these special types of quantization noise signals
produced by coding Fourier amplitude and phase. From
our psychophysical experiments, we found that the rela-
tive perceptual importance of phase and magnitude spec-
tra in the Fourier transform coding is strongly dependent
on the fundamental frequency of the vowel sounds and the
window size used in the short time Fourier analysis.

Keywords: Speech coding, Auditory masking.

1 INTRODUCTION

A basic property of the human auditory system is that it
performs a short-time spectral analysis [1]. On the ba-
sis of short-time analysis, the speech process can be de-
scribed either by a parametric model such as linear pre-
dictive coding (LPC) or by a nonparametric method such
as the Fourier transform. In LPC modelling the spec-
tral envelope of a speech signal is described by an all-pole
type filter and the source is assumed to be either periodic
pulse trains for voiced sounds or random noise for unvoiced
sounds {1]. A combination of the LPC model and Fourier
transform has been widely used in many coding schemes,
with the LPC filter representing the global spectral enve-
lope of speech and the Fourier transform representing the
detailed residual signal. A practical question in this rep-
resentation is to what accuracy the amplitude and phase
spectra have to be represented without perceptible distor-
tions. In speech coding, for example, amplitude and phase
parameters are quantized by using a small number of bits.
The quantization noise in this case cannot be simply con-
sidered as white noise. In this paper we are concerned
with the masking of these special types of noise signals.

The quantization of the amplitude and phase of the
Fourier transform has been studied on the basis of sta-
tistical description [2]. This study assumed that the time
series and its Fourier transform are random processes, and
its results showed that the quantization of phase requires
about two more bits than that of amplitude for a random
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signal with the same RMS error [2]. The use of this re-
sult in the coding of speech is limited, because such an
objective criterion might not be applicable to a subjective
measurement of quality of the representation and a hu-
man observer perceives different types of distortions with
different sensitivities.

Therefore, a direct psychophysical comparison experiment
is carried out in this paper. In our experiment, we measure
the detection thresholds of noise targets which simulate
quantization noise produced by quantizing amplitude and
phase spectra. Since phase perception and noise detec-
tion in wideband complex sounds are strongly dependent
on the fundamental frequency of the periodic complex
sounds, the relative perceptual importance of the phase
and the amplitude is therefore determined as a function
of the fundamental frequency of speech.

2 PERCEPTUAL EXPERIMENT

Manipulation of the amplitude and phase spectra of a
speech signal can be realized by manipulating the am-
plitude and phase spectra of its LPC residual. Such a
manipulation can be realized by adding special kinds of
noise signals to the LPC residual. These special noise sig-
nals were composed of complex harmonics with either ran-
dom amplitude or random phase. These noise signals are
generally highly correlated with the residual signal such
as that in residual-excited-LPC coded speech [3] and they
have a globally flat power spectrum. Therefore the percep-
tual difference between the residual and the manipulated
residual can be used as a criterion to compare the relative
perceptual importance of amplitude and phase. Accord-
ing to auditory masking phenomena, the noise signals pro-
duced by manipulating the LPC residual can be masked
by the speech sound. Consequently, masking thresholds
of noise targets provide a basis for comparison of the rel-
ative importance of phase and amplitude, and thus this
psychophysical approach can be used to evaluate its sub-
Jjective difference due to the manipulation of phase or am-
plitude spectra.

Synthetic vowels were produced by an LPC model excited
by two types of excitation with three different fundamen-
tal frequencies of 100, 200, and 400 Hz. One excitation
was a pulse train plus random amplitude sinusoids and
the other was a pulse train plus random phase sinusoids.
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Synthetic vowels produced in this way could be used as
stimuli consisting of the masker plus the noise. Clean
vowels produced by using pulse train excitation only were
the maskers.

The two following formulae were used for generating
the excitation plus the random amplitude noise signals.
c(t) = Zﬁ_,l(a cos 2w foit + r; cos2w foit) or cqi(t) =
Eﬁ__l(a cos 27 foit + r; cos(2w foit + im)), where the ran-
dom variable r; was uniformly distributed in the interval
[0,q] and fo was the fundamental frequency. N was cho-
sen such that the harmonics occupied a 10 kHz frequency
range. Random amplitude noise signals with their peaks
delayed by a half period (phase i in ¢4/ (t)) were also used
in the experiment. We can therefore investigate the influ-
ences of the locations of peaks in the noise signal with
respect to the maskers on the detection threshold.

The random phase manipulation was realized according
to the following formula: ¢,(t) = Zf;l(a cos 27 fpit +
2asin(¢;/2) sin(27 foit + 7 + ¢;/2)) For experimental con-
venience, we chose ¢; to obey the cosine distribution. The
amplitude of the sinusoids, y = 2asin(¢;/2), was uni-
formly distributed in [0, 5], and b < 2a.

In the experiment, the random numbers were indepen-
dently computed and were refreshed on local and global
bases. Randomization on a local basis meant that the ran-
dom numbers were refreshed for each period of the excita-
tion, and otherwise the random numbers were generated
once for the whole duration of the excitation, which was
called global randomization. Therefore, six kinds of noise
signals were generated according the formulae. They are
given abbreviations and listed in the following table:

Random || Amplitude | Phase | Delayed
Globle RAG RPG | RAGD
Local RAL RPL | RALD

Table I: The abbreviations of the six types of
noise signals.

The thresholds of these kinds of noise targets in the pulse
train masker were defined by the ratio of the power spectra
between the noise and the masker. This definition also
applied to the situation where the synthetic vowels were
used as maskers because both the masker and the noise
targets were spectrally shaped by the same LPC filter.

Thresholds of noise targets were determined by using a
two-interval, two-alternative, forced-choice, adaptive pro-
cedure [4](for details see [5]). The maskers were presented
at a sound pressure level of 70 dB.
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3 RESULTS AND DISCUSSIONS

3.1 Ezperiment I: Detection of targets in pulse train
maskers

The results for our two subjects are similar, and the aver-
age thresholds and their standard deviations are plotted in
Fig. 1. Panels (a) and (b) show the thresholds for the six
types of noise targets using pulse train maskers, where the
thresholds for RAG and RAL are plotted in both panels
for comparison. One sees from Fig. 1 (a) that for a pulse
train with a fundamental frequency of 100 Hz, the thresh-
olds of the RAGD and RALD noise targets are 2-3 dB
lower than those of the RAG and RAL noise targets. For a
pulse train with a fundamental frequency of 400 Hz, on the
other hand, the thresholds of the RAL and RALD noise
targets are about 10 dB lower than those of the RAG and
RAGD noise targets. In this case, however, the thresh-
olds of the random amplitude noise targets (RAL,RAG)
are similar to the thresholds of those with a half period
delay (RALD,RAGD). From Fig. 1 (b) one observes that,
for the pulse train with a fundamental frequency of 400
Hz, the thresholds of the RAG and RPG noise targets
are significantly higher than those of the RAL and RPL
noise targets. One can also observe from Fig. 1 (b) that
the RPL noise target has lower thresholds than the RAL
noise at all three fundamental frequencies. The thresholds
of RAL, RALD and RPL noises as a function of funda-
mental frequency increase from 100 to 200 Hz and then
decrease from 200 to 400 Hz.
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Figure 1: Thresholds of noise targets in pulse
trains as a function of fundamental frequency.
(a) ( A RAG noise, & RAL noise, ¥ RAGD
noise, O RALD noise) (b). { & RAG noise, ¢
RAL noise, 7 RPG noise, O RPL noise.)

These results agree with the idea that, on the one hand,
the thresholds of the noise targets for the 100-Hz pulse
train masker are predominantly determined by the sharp
temporal resolution of the auditory system [5]. For criti-
cal bands with high center frequencies, the response of the
auditory filters to the 100-Hz pulse train decays rapidly
and the response envelope is therefore strongly modulated.
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The valleys in the envelope within a period of the pulse
train are deep and thus the noise targets in the response
valleys become easily detectable. As the fundamental fre-
quency of the masker increases, the response valleys be-
come shallow. The threshold of the local-random noise
targets therefore increases with the increase in repetition
rate of the pulse train from 100 to 200 Hz. The thresholds
of noise targets produced by global randomization (RAG,
RAGD,RPG) also increase with an increase of the repeti-
tion rate of the pulse train. The amount of the increase
is more than 9 dB from 100 to 200 Hz, but the increment
is not significant from 200 to 400 Hz. The RAGD and
RALD noise targets have lower thresholds than the RAG
and RAL noise targets for the 100-Hz masker, because the
peaks in the temporal waveforms of the RAGD and RALD
noise targets are locally positioned midway between two
successive pulses of the masker, where the target is easier
to detect.

For the pulse train with a fundamental frequency of 400
Hz, on the other hand, the thresholds of the noise targets
(RAL,RPL,RALD) which were produced by local random-
ization are predominantly determined by the frequency
resolution of the auditory system. Since each harmonic of
the noise targets is discontinuous in successive periods by
the local randomization, the spectrum of each harmonic
is splattered (i.e., spread in frequency). The degree of
this spectral splatter is determined by the time interval
after which new random numbers are introduced. The
shorter the duration of the refreshment of the randomiza-
tion (equal to 1/ fg), the larger the spectral splatter. These
spectral splatters fill the local gaps between the harmon-
ics of the masker. The auditory system retains relatively
sharp frequency resolution in the low frequency region.
When there are larger spectral gaps in the masker, then
the spectral splatters becomes less masked by the neigh-
bouring harmonics. Our auditory system is therefore very
sensitive to local phase changes of a periodic sound, and is
more sensitive to the local phase changes of a sound with a
higher fundamental frequency. Since the detection of the
target with the masker of a fundamental frequency of 400
Hz is predominantly determined by the sharp frequency
resolution in the low frequency region, the thresholds of
the RAL and RAG noise targets are respectively similar
to the thresholds of the RALD and RAGD noise targets.

It is shown in Fig. 1 (b) that the thresholds of the RPL
noise targets are lower than those of RAL noise targets.
This could be attributed to the use of pitch cues for the
detection of the noise. In a study of vowel perception,
Carlson, Granstrom and Klatt have also suggested this
temporal analysis mechanism to explain the perception of

pitch [6].

3.2 Ezxperiment II:Detection of targets in vowel maskers
The thresholds of the six types of noise targets for the

three synthetic vowels /a/, /u/ and /i/ are plotted in
Fig. 1 (a), (b), (¢), (d), (¢) and (f), respectively. Panels
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(a), {¢) and (e) show the thresholds for the RAG, RAL,
RAGD and RALD noise targets and panels (b), (d) and
(f) for the RAL, RAG, RPG and RPL noise targets. The
threshold for the RAL and RAG noise targets are plotted
in both panels for comparison.

One observes that the general patterns for the thresholds
of the noise targets for the three vowel maskers are simi-
lar. It can be seen from these results that the threshold
differences between the noise targets with local random
phase or amplitude and the noise targets with global ran-
dom phase or amplitude increase with an increase of the
fundamental frequency of the vowel sounds. From panels
(a), (b), (¢) and (d) in Figs. 1, one sees that the threshold

4 T
e /V e
50 o ? B
3 3
el °
27 ./i 23
® VC\ £
"no E-3
W e N v~
£’ S £’
oy Za
oy 5%
2 2] 2 2
l l
34 24
Ll t
2 $
] N Y r T ’ T A v
§410' 10 10 6410 10 0
frequency [Hz] frequency [Hz]
w] 2 w | A
t B h-4
| /
e 2| f———&
= T I/
';%24 ™~ _;'ﬁ- " 4.
T 1
2 T__9><2 H '\é
"o I X1 ’
o~ L~
A -
37 Fa
o3 o]
f 6
5] 24
1 1
-] -]
T4rrrr e Y I . T
610" 1¢" 10 610" 10" 10
Frequency [Hz} frequency [Hz}
o] -
" j
° °
5 g>¢ﬁ 5]
3 i 3
. -
2 ,\ 271
- T
284 o 08
‘E ’ E [
Za , Ze
EXN \¢ X
=g “gl
l l
3 34
l *
-3 o
M T ~r v T+rrer Y
610" 10 10 610" 10" 10
Frequency {Hz] Frequency {Hz]
Figure 2: Thresholds of noise targets in the

vowel maskers /a/ fu/ and /i/ as a function of
fundamental frequency. In the left panels ( A
RAG noise, © RAL noise, v RAGD noise, O
RALD noise) In the right panels ( A RAG noise,
< RAL noise, 7 RPG noise, O RPL noise.)
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differences between the random amplitude noise targets
RALD and RAL are significant for the vowel maskers /a/
and /u/, with a fundamental frequency of 100 Hz, but not
significant for the noise targets in the vowel masker /i/ in
Fig. 1(e). From panels (b), (d) and (f) in Fig. 1, it can be
seen that the thresholds of the noise targets with locally
random phase are 3-5 dB lower than those with locally
random amplitude. In comparison with the masking pat-
terns of the pulse train maskers, it can be seen that the
thresholds of the noise targets are generally higher in the
100-Hz vowel maskers than in the 100-Hz pulse train. One
sees then that the threshold of the locally random noise
decreases with increasing fundamental frequency.

These results are, in principle, in accordance with the ex-
planations given in Experiment 1. For the vowel maskers
with a fundamental frequency of 400 Hz, the thresholds
of the noise targets with locally random phases or ampli-
tudes are low, because the spectra of the noise targets are
splattered into the frequency range between two succes-
sive harmonics and because the auditory system can eas-
ily detect the-target during the spectral valleys in the low
frequency region. Compared with the threshold patterns
of the noise targets for the pulse trains, there is a signif-
icant threshold difference between the 100-Hz pulse train
maskers and the 100-Hz vowel maskers. The thresholds of
the noise targets for the vowel maskers with a fundamen-
tal frequency of 100 Hz are much higher than those with
the pulse trains. These differences of thresholds are due
to two factors: on the one hand, the spectra of the vowel
sounds generally have a spectral slope of -6 dB/octave
and the vowel sounds contain less energy in the high fre-
quency region than in the low frequency region. On the
other hand, some phase dispersion is introduced by the
LPC filters. Both spectral tilt and phase dispersion result
in the waveforms of the speech signal being less modu-
lated than the pulse trains. Owing to the spectral tilt, the
spectral level of the vowel maskers in the high frequency
region is low[8]. From forward masking experiments, it is
known that the detection of targets by temporal analy-
sis of maskers is strongly dependent on the masker level.
The increase in target threshold is less than proportional
to the increase in masker level {7][8].

Compared with the target threshold for a 100-Hz pulse
train masker, the target thresholds are therefore higher
for vowel maskers with a fundamental frequency of 100
Hz. The thresholds of noise targets for the vowel /a/
with a fundamental frequency of 100 Hz, however, are
still influenced more by temporal masking than for the
other two vowel maskers. Due to the threshold increase
for the noise target for the 100-Hz maskers, the threshold
for the noise target with locally random phase or random
amplitude shows a downward slope with an increase in
fundamental frequency.
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4 SUMMARY

We have studied psychophysically the detection thresh-
olds of different types of noises in synthetic vowels. These
noises were produced by the quantization of the Fourier
amplitude and phase spectra and they were correlated
with the original signal (the masker). The experiments
show that the noise threshold is dominantly determined by
detection in certain frequency bands and that it strongly
depends on the fundamental frequency of the masker. The
threshold of noise in a masker of a low fundamental fre-
quency was determined mainly by the sharpest temporal
resolution of the auditory system, and the noise thresh-
old in a masker of high fundamental frequency was deter-
mined mainly by the sharpest frequency resolution of the
auditory system.

Our results suggest that (a) in source coding of the ampli-
tude and phase spectrum of the LPC residual, the tran-
sition in successive synthesis frames should be as smooth
as possible, which can reduce the subjective distortion of
the coding system, especially for female voices; (b) the
objective distortion measured in RMS cannot be applied
without considering the properties of speech, such as fun-
damental frequency, and the types of quantization noises.
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