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The choice of processing parameters for vocoded signals may have an important effect on the
availability of various auditory features. Experiment 1 varied envelope cutoff frequency �30 and 300
Hz�, carrier type �sine and noise�, and number of bands �2–5� for vocoded speech presented to
normal-hearing listeners. Performance was better with a high cutoff for sine-vocoding, with no
effect of cutoff for noise-vocoding. With a low cutoff, performance was better for noise-vocoding
than for sine-vocoding. With a high cutoff, performance was better for sine-vocoding. Experiment
2 measured perceptibility of cues to voice pitch variations. A noise carrier combined with a high
cutoff allowed intonation to be perceived to some degree but performance was best in high-cutoff
sine conditions. A low cutoff led to poorest performance, regardless of carrier. Experiment 3 tested
the relative contributions of comodulation across bands and spectral density to improved
performance with a sine carrier and high cutoff. Comodulation across bands had no effect so it
appears that sidebands providing a denser spectrum improved performance. These results indicate
that carrier type in combination with envelope cutoff can alter the available cues in vocoded speech,
factors which must be considered in interpreting results with vocoded signals.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3158835�
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I. INTRODUCTION

Noise- and tone-vocoded signals are used to study the
use of temporal cues in normal-hearing �e.g., Shannon et al.,
1995; Souza and Turner, 1998; Gallun and Souza, 2008� and
hearing-impaired listeners �e.g., Turner et al., 1995; Souza
and Boike, 2006� as well as to simulate the information
available to cochlear implant users �e.g., Rosen et al., 1999;
Shannon et al., 2004; Green et al., 2007�. To create these
signals, an envelope is extracted from each band of a filter
bank and used to modulate a carrier that is either a sine wave
at the center frequency of the band or a white noise subse-
quently filtered to the channel bandwidth. There has been
much recent interest in delineating the various factors that
are important in accounting for differences between sine- and
noise-vocoded speech, and also some areas of disagreement
between previous studies. Dorman et al., 1997 is often cited
as demonstrating no effect of carrier type for consonants,
vowels, or sentences. In contrast, recent studies have found
better sentence and/or vowel recognition with sine than with
noise carriers �Gonzalez and Oliver, 2005; Chang and Fu,
2006; Whitmal et al., 2007; Stone et al., 2008�. For conso-
nants, Whitmal et al. �2007� found that sine carriers provided
better performance in noise but equivalent performance in
quiet. Under some circumstances then, sine-vocoded and
noise-vocoded speech do not seem to provide the same in-
formation, at least for normal-hearing listeners.

To understand these differences, the authors briefly con-

sider the acoustic form of these signals for a relatively small

792 J. Acoust. Soc. Am. 126 �2�, August 2009 0001-4966/2009/1
number of channels, say, 6 or less, where we expect little or
no resolution of the harmonics of voiced speech by the
analysis filter bank �Fig. 1�. Of crucial importance, and in-
teracting with the carrier type, is the cutoff frequency of the
envelope smoothing filter that typically follows rectification,
as this determines the range of modulation frequencies avail-
able in the envelope signal.

A. Vocoding with a sine carrier

When the envelope cutoff is high in comparison to the
talker’s fundamental frequency �F0�, voiced speech will re-
sult in envelopes containing amplitude fluctuations corre-
sponding in rate to the voice pitch of the talker. When such
an envelope is multiplied against the sinusoidal carrier, side-
bands consisting of the sum and difference frequencies of
each spectral component in the envelope spectrum and the
carrier frequency will be created �as well as a strong compo-
nent at the carrier frequency due to the strong dc component
in the envelope spectrum�. Thus the spectrum of each result-
ing channel output will consist of a series of harmonic-like
spectral components centered at the carrier frequency, plus
and minus the fundamental frequency. Different from what
happens in natural speech, the spectral components squeeze
together and expand around their central frequency rather
than sweeping all in the same direction during the character-

istic F0 glides that constitute intonation. Informal observa-

© 2009 Acoustical Society of America26�2�/792/14/$25.00



tions suggest that such signals lead to a percept that has a
reasonably strong pitch, making information about voicing
and intonation accessible to a listener.

Quite apart from the explicitly phonetic information, the
common modulation sine components received during
voiced speech may also have a beneficial impact on intelli-
gibility. Carrell and Opie �1992� showed that such a common
modulation, at least at low enough modulation rates, can
improve the intelligibility of sine-wave speech, presumably
by making the components cohere better �but note the impor-
tant acoustic differences between sine-vocoded speech and
sine-wave speech�.

For aperiodic speech sounds, the range of fluctuation
rates in the envelope signal will depend in a straightforward
way on the envelope filter cutoff. Higher cutoffs will lead to
faster fluctuations, but these will be random in nature. On the
one hand, these higher-rate envelope fluctuations may ob-
scure the slower envelope fluctuations. On the other hand,
higher-rate envelope fluctuations may cue the presence of
aperiodic energy more effectively, a strong cue to voiceless-
ness and fricative manner. However, it is likely that the effect
of envelope fluctuations, either for or against aperiodic en-
ergy, operates only in the absence of other spectral shape
cues �i.e., only in single-channel vocoding� because voice-
less excitation tends to have much more energy in high fre-
quency regions than low, the opposite trend to that observed
for voiced sounds. Indeed, there is good evidence for the
utility of envelope fluctuations above 20 Hz when using a
single channel, but not when using higher numbers of chan-
nels �Shannon et al., 1995; Fu and Shannon, 2000�.

The situation is much simpler when the envelope filter
cutoff is low in comparison to F0. Here, any within-channel
information about speech periodicity in the envelopes arising
from voiced speech will be eliminated and only slow fluc-

tuations will be transmitted. This will result in the output
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spectrum being dominated by what is essentially a small
number of sinusoids varying slowly in amplitude, one for
each channel in the vocoder.

B. Vocoding with a noise carrier

When noise is used as a carrier, inherent fluctuations in
the noise will be superimposed on the envelope. It seems
plausible that these fluctuations �non-existent for a sine car-
rier� could interfere with or obscure some envelope cues. On
the other hand, noise-vocoded consonants result in similar
auditory nerve responses to natural speech consonants �Loe-
bach and Wickesberg, 2006� so perhaps the carrier fluctua-
tions are irrelevant.

Varying the envelope filter bandwidth again has its ma-
jor effects for voiced speech. For envelope filter cutoffs low
in comparison to F0, there should be no direct cues for pe-
riodicity, hence little or no percept of voice pitch. When
envelope filter cutoffs are high in comparison to F0, cues to
periodicity and intonation are signaled through amplitude
modulations in the noise carrier, which may not be very
deep, and even in the best situations lead to relatively weak
pitches �Burns and Viemeister, 1976, 1981; Patterson et al.,
1978�. It therefore seems likely that the voice pitch of the
talker will be much less salient in noise-vocoded than in
sine-vocoded speech at least for high envelope cutoffs. Sup-
porting evidence for this comes from work by Stone et al.
�2008� who investigated sentence recognition in a single-
competing-talker background for six-channel noise and tone
carriers. Although this study does not resolve the issue of
higher-frequency envelope contributions to speech recogni-
tion per se, it would be expected that F0 cues would aid
talker separation and thus improve performance. In fact,
varying envelope bandwidth had much larger effects for sine

FIG. 1. Wide- and narrow-band spectrograms of vari-
ous versions of the phrase “buying some” extracted
from a male speaker uttering the sentence “They’re
buying some bread.” The top row shows the original
speech, followed by examples of the processing used in
experiment 1, all based on three-channel sine or noise
vocoders with two different envelope smoothing cut-off
frequencies �30 and 300 Hz�. Hence condition 3s300
refers to a three-channel sine vocoder with an envelope
cutoff frequency of 300 Hz. The 30 Hz cutoff was cho-
sen to be significantly below the fundamental frequency
�F0� of the talker, and the 300 Hz cutoff chosen to be
significantly above. The F0 contour of the utterance can
be seen at lower right �narrow-band spectrograms of
3n30 and 3n300 stimuli are visually indistinguishable�.
than noise carriers.

P. E. Souza and S. Rosen: Sine- and noise-vocoded speech 793



It is also important to note that varying envelope band-
width should have little impact on the spectrum of noise-
vocoded speech. Although the modulation of the envelope by
the noise carrier still leads to sidebands, multiplying a white
noise by any signal still results in a white noise. Here, the
spectral properties of each band are determined by the prop-
erties of the filters used to limit the bandwidth of each chan-
nel after modulation.

In summary, then, envelope cutoff frequency and carrier
type, as well as number of bands, interact in a complex way
and require further study, especially as regards their effects
on intelligibility. Generally speaking, the authors expect
much bigger effects of envelope bandwidth for sine-vocoded
rather than noise-vocoded speech, because the bandwidth of
the extracted envelopes is a crucial determinant of the tem-
poral and spectral characteristics of sine-vocoded speech, but
only affects the temporal properties of noise-vocoded
speech.

Experiment 1 provides a direct assessment of these ef-
fects. Two follow-up experiments examine the contributions
of fundamental-frequency variations �experiment 2� and car-
rier comodulation across bands �experiment 3� to the results
found.

II. EXPERIMENT 1: ENVELOPE FREQUENCY CUTOFF
VERSUS CARRIER TYPE

The purpose of experiment 1 was to vary envelope fre-
quency cutoff, carrier type, and number of bands. The au-
thors expected an interaction between carrier type and enve-
lope cutoff. Previous work also suggested that such an
interaction might depend on the type of speech materials.

A. Subjects

Subjects were 16 adults �12 females and 4 males� re-
cruited from the student population at UCL. All were native
speakers of southern British English. Subjects ranged in age
from 19 to 52 years �mean 25 years�. All but one listener had
normal hearing, defined as pure-tone thresholds of 20 dB HL
or better �see ANSI, 2006� at octave frequencies between

TABLE I. Center and lower-to-upper cutoff frequen
condition the lowest cutoff frequency was 100 Hz an

Center

Band 1 2
2 392 2294
3 269 1005
4 219 643
5 192 481

Lower-to-uppe

Band 1 2
2 100–1005 1005–5000
3 100–548 548–1755
4 100–392 392–1005
5 100–315 315–705
0.25 and 8 kHz. The exception was a single listener �aged 52
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years� who had a pure-tone threshold of 30 dB HL at 8 kHz
in one ear but who met the 20 dB HL inclusion criteria at all
other test frequencies. None of the subjects had any prior
experience with the test materials. All subjects were paid for
their participation.

B. Stimuli and procedure

All test materials were spoken by the same female
talker, who was a native speaker of southern British English.
Stimuli were digitally recorded in a quiet room with sam-
pling rates of 22.05 kHz for consonant and vowel stimuli and
48.1 kHz for sentences. The stimuli were vocoded using lo-
cally developed MATLAB software, as follows. Each file was
digitally filtered into two, three, four, or five bands, using
sixth-order Butterworth IIR filters. Filter spacing was based
on equal basilar membrane distance �Greenwood, 1990�
across a frequency range of 100–5000 Hz. Band center and
cutoff frequencies are shown in Table I. Next, the output of
each band was half-wave rectified and low-pass filtered
�fourth-order Butterworth� at either 30 or 300 Hz to extract
the amplitude envelope. The envelope was then multiplied
by a carrier, either a tone at the band center frequency or a
noise. The resulting signal �envelope�carrier� was filtered
using the same bandpass filter as for the first filtering stage.
rms level was adjusted at the output of the filter to match the
original analysis, and the signal was summed across bands.
Sixteen different conditions were created, each with a unique
combination of envelope cutoff frequency �30 or 300 Hz�,
carrier type �sine or noise�, and number of bands �two, three,
four, or five�.

1. Consonant recognition

Consonant recognition was measured with a set of 20
syllables, including the consonants /b/, /tb/, /d/, /f/, /g/, /dc/,
/k/, /l/, /m/, /n/, /p/, /r/, /s/, /b/, /t/, /v/, /w/, /j/, /z/, and /c/ in an
/ÄCÄ/ context. These tokens were presented diotically
through Sennheiser HD 25 SP headphones at a level between
65 and 70 dB SPL. On each trial, subjects heard a single
syllable and selected among a set of orthographic choices

in hertz� used for the vocoder processing. For each
highest cutoff frequency was 5000 Hz.

uency

3 4 5

2984
1531 3399
1005 1955 3673

ff frequencies

3 4 5

55–5000
05–2294 2294–5000

05–1410 1410–2687 2687–5000
cies �
d the

freq
�Hz�

r cuto
�Hz�

17
10
7

using a computer mouse.

P. E. Souza and S. Rosen: Sine- and noise-vocoded speech



To familiarize them with the task, subjects began with a
practice block, in which the 20 consonants were sampled
from the various test conditions. Each test condition occurred
at least once during the practice block. If the response to a
trial was correct, visual correct answer feedback was pro-
vided and the processed consonant was played again, along
with the unprocessed version. If the response was incorrect,
the processed version was replayed and the subject was
asked to try again. If the second response to that trial was
incorrect, the correct answer was shown and the processed
and unprocessed consonants were played.

In the test phase, the subject completed one block for
each of the 16 test conditions. Each block contained 40 con-
sonants �each token appeared twice�. Each subject heard a
different order of the conditions based on a Latin square.
Correct answer feedback was not provided in the test phase.

2. Vowel recognition

Vowel recognition was measured with a set of ten vow-
els in a /bVd/ context: “bad” �/æ/�, “bard” �/Äb/�, “bawd”
�/Åb/�, “bead” �/ib/�, “bed” �/e/�, “bid” �/(/�, “bird” �//b/�,
“bod” �/Ä/�, “booed” �/ub/�, and “bud” �/#/�. Testing was simi-
lar to that described for consonants except the practice block
sampled 30 /bVd/ words from the various test conditions and
each test block contained 30 vowels �each token appeared
three times�.

3. Sentence recognition

Sentences were drawn from the ASL �MacLeod and
Summerfield, 1990� and the BKB sentence lists �Bench and
Bamford, 1979�. Sentence testing was done in an open-set
format. The subject repeated the sentence to the experi-
menter, who was seated in the same room and scored the
responses using a computer program, which showed the
three key words. The scoring screen was not visible to the
subject. Listeners began with a practice block of ten sen-
tences. After responding to a practice sentence, the subject
heard the processed and unprocessed versions of that sen-
tence. Each test block consisted of 15 ASL sentences and 16
BKB sentences, with each sentence played once without
feedback. No list was repeated. Each sentence had three key
words so the score for each condition was based on 93
words.

C. Results

For each reported analysis, Mauchly’s �1940� test was
evaluated and the Greenhouse–Geisser adjusted values were
used if the assumption of sphericity was violated.

1. Consonant recognition

In Fig. 2, proportion correct for each condition is plotted
as a function of number of bands. A repeated-measures
analysis of variance comparing number of bands, carrier
type, and envelope cutoff frequency showed significant main
effects of number of bands �F3,45=275.16, p�0.005�, car-
rier type �F1,15=10.24, p=0.006�, and envelope cutoff fre-
quency �F1,15=19.54, p�0.005� with no significant three-

way interaction �F3,45=1.60, p=0.202�. Carrier type
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interacted with envelope cutoff frequency �F1,15=23.74, p
�0.005� and with number of bands �F3,45=3.83, p
=0.016�. Number of bands and envelope cutoff frequency
did not interact �F3,45=1.14, p=0.341�.

To understand the nature of the interaction, separate
two-way analysis of variance �ANOVAs� �bands
�carrier type� were carried out for each envelope cutoff
frequency. At a 30 Hz envelope cutoff frequency, perfor-
mance improved with increasing band number �F3,45

=160.54, p�0.005� and there was no difference between a
sine and noise carrier �F1,15=0.68, p=0.423�. A significant
bands�carrier interaction �F3,45=3.84, p=0.016� was
caused by better performance �t15=2.23, =0.041� for the
five-band noise carrier, although this difference was no
longer significant once Bonferroni-corrected. With a 300 Hz
envelope cutoff frequency, performance improved with in-
creasing band number �F3,45=110.40, p�0.005� and was
higher for the sine than for the noise carrier �F1,15

=29.00, p�0.005�. The bands�carrier interaction was not
significant �F3,45=1.13, p=0.348�.

Information transfer measures were also calculated and
are shown in Fig. 3 for voicing �voiced and unvoiced�, man-
ner �stop, fricative, nasal, and glide�, and place �front,
middle, and back�. For each condition, the analysis was per-
formed on the composite confusion matrix representing data
collapsed across 16 subjects. No place information was
available until the signals contained more than two bands,
consistent with the fact that place cues rely on spectral dis-
tinctions and spectro-temporal dynamics. The sine 300 con-
dition was superior in most respects, particularly for voicing;
even the two-band condition transmitted nearly 100% voic-
ing information.

2. Vowel recognition

Results for vowels are shown in Fig. 4. These data were
submitted to a repeated-measures analysis of variance
�bands�carrier�envelope cutoff�. The main effects of
bands �F3,39=144.54, p�0.005� and envelope cutoff fre-
quency �F1,13=11.00, p=0.006� were significant but the ef-

FIG. 2. Proportion correct for consonants as a function of number of bands.
Circles show noise carriers; triangles show sine carriers. Filled symbols/
solid lines show the 30 Hz envelope cutoff; open symbols/dashed lines show
the 300 Hz envelope cutoff. Error bars show �1 standard error.
fect of carrier was not �F1,13=0.401, p=0.537�. The three-

P. E. Souza and S. Rosen: Sine- and noise-vocoded speech 795



way interaction was nonsignificant �F3,39=0.80, p=0.500�.
Unlike the consonants, carrier type and cutoff frequency did
not interact �F1,13=3.03, p=0.105�. Instead, the number of
bands interacted with both envelope cutoff �F3,39=5.62, p
=0.003� and with carrier type �F3,39=3.61, p=0.021�.

Because bands interacted with both effects of interest,
the comparisons of carrier type and envelope cutoff were
obtained from two-way ANOVAs �carrier�envelope
cutoff�, one each for the two-band, three-band, four-band,
and five-band stimuli. The carrier�envelope cutoff interac-
tion was nonsignificant �p�0.05� in each case. Subjects per-
formed better with the sine carrier than with the noise carrier
only for the four-band stimulus �p=0.001�. For each of the
remaining band conditions, scores for the sine and noise car-
riers were statistically similar. Subjects performed better
with the 300 Hz envelope frequency cutoff for four-band
�p=0.009� and five-band �p=0.002� stimuli, but not for the

FIG. 3. Transmitted information for voicing, place, and manner for the
consonant identification task.

FIG. 4. Proportion correct for vowels as a function of number of bands.
Circles show noise carriers; triangles show sine carriers. Filled symbols/
solid lines show the 30 Hz envelope cutoff; open symbols/dashed lines show

the 300 Hz envelope cutoff. Error bars show �1 standard error.
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two-band or three-band stimuli. This was partially deter-
mined by floor effects, as scores for the two-channel stimuli
approached chance.

The authors expected that vowels, which are identified
by their spectrum, would be better identified as the number
of bands increased. In that sense, the lack of improvement
between three and four bands for the sine carrier was surpris-
ing. To ensure that this finding was not due to any artifact of
the vowel token, three subjects repeated the testing with dif-
ferent exemplars from the female talker, as well as a different
female talker. As for the original testing, there was little im-
provement between three and four bands for the sine-
vocoded vowel stimuli. A close examination of Dorman
et al., 1997 shows a similar effect in which sine-vocoded
natural vowels spoken by a single talker show no improve-
ment between four and five bands. This probably occurred
because the increase from three to four bands in the current
study and from four to five bands in the study of Dorman
et al. �1997� did not improve representation of the vowel
spectra. To understand this, consider a simple example: the
vowels /æ/ and /Ä/ produced by a male talker from the Pa-
cific Northwest. The first formant �F1� for both vowels is
approximately 700 Hz, and the second formant �F2� is ap-
proximately 1200 Hz for /Ä/ and 1700 Hz for /æ/ �Bor et al.,
2008�. Referring to the band cutoff frequencies in Table I,
these two vowels would probably not be distinguishable by a
three-band vocoder, where they would produce a similar
peak in band 2; nor by a four-band vocoder, where they
would produce a similar peak in band 3. Only with the five-
band vocoder, where F2 for /Ä/ excites band 3, but F2 for /æ/
excites band 4, would we expect them to be distinguished on
the basis of their vocoder response.

3. Sentence recognition

The differences among conditions are more pronounced
for sentences �Fig. 5�, compared to the vowels and conso-
nants. These data were submitted to a repeated-measures
analysis of variance �bands�carrier type�envelope
cutoff�. The main effects of bands �F3,27=246.83, p

FIG. 5. Proportion correct for sentences as a function of number of bands.
Circles show noise carriers; triangles show sine carriers. Filled symbols/
solid lines show the 30 Hz envelope cutoff; open symbols/dashed lines show
the 300 Hz envelope cutoff. Error bars show �1 standard error.
�0.005� and envelope cutoff �F1,9=34.69, p�0.005� were
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significant but that of carrier type was not �F1,9=0.91, p
=0.366�. The interaction between carrier type and envelope
cutoff frequency �F1,9=31.36, p�0.005� was significant.
The interactions between bands and carrier type and bands
�F3,27=1.08, p=0.373� and between bands and envelope
cutoff frequency �F3,27=2.76, p=0.062� were not signifi-
cant. The three-way interaction was significant �F3,27

=4.74, p=0.009�.
To analyze the various interactions, separate two-way

ANOVAs �bands�carrier type� were completed for each
envelope cutoff frequency. At a 30 Hz envelope cutoff fre-
quency, scores improved with increasing band number
�F3,30=119.52, p�0.005� and were higher with a noise car-
rier �F1,10=10.90, p=0.008�. A significant bands�carrier
interaction �F3,30=4.46, p=0.010� was due to a floor effect
that precluded any difference between two-band carriers �p
=0.962�, while scores were higher for the noise carrier than
the tone carrier with three �p=0.015�, four �p=0.002�, and
five bands �p=0.004�. At a 300 Hz envelope cutoff fre-
quency, scores improved with increasing band number
�F3,33=295.51, p�0.005� and were higher with a sine car-
rier �F1,11=24.17, p�0.005�. The bands�carrier interac-
tion was not significant �F3,33=1.71, p=0.184�.

D. Discussion

Differences among conditions can be summarized as fol-
lows: For a 30 Hz envelope cutoff, performance was better
for a noise carrier than a sine carrier; for a 300 Hz envelope
cutoff, performance was better for a sine carrier than a noise
carrier. The authors can also consider results for a single
carrier as envelope cutoff frequency increases: This improves
recognition for a sine carrier, but not for a noise.

To understand these effects, consider the differences be-
tween the various conditions. The first is that with the 300
Hz envelope cutoff in combination with a sine carrier, cues
to voice fundamental frequency �voicing and intonation�
should be available to the listener �a question the authors
explicitly address in experiment 2�. Intonation itself has been
shown to make a small contribution to sentence intelligibility
�Hillenbrand, 2003� but should not matter much for single
phoneme contrasts. Temporal information about voicing, al-
though possibly redundant with changes in spectral balance,
should help in the identification of consonants but not vow-
els. From these considerations, the authors would expect ma-
nipulating envelope cutoff and carrier type to have its great-
est effects for sentences and least for vowels, which, in fact,
appears to be the case.

The second major difference between conditions is in
the density of the frequency spectrum. As shown in Fig. 1,
the 3s30 condition has a sparse spectrum with broad spectral
“holes” that may make it more difficult to fuse the percept
into a single auditory object. One possibility is that the side-
bands in the 300 Hz sine condition and the broader carrier
bandwidth of the noise conditions created a denser or more
continuous spectrum, which better conveys spectral shape
cues. These differences in spectral density are still present
after peripheral auditory filtering, as can be seen from the

excitation patterns in Fig. 6 �calculated on the basis of nor-
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mal auditory filtering� to three-channel vocoded versions of a
neutral vowel at a fundamental frequency of 150 Hz. Such
differences are still apparent for five-channel sine vocoders,
although, as here, they are most prominent at lower frequen-
cies where the auditory filters are broadest.

We might expect to see this difference in accessibility of
spectral shape cues reflected in perception of consonant
place, which is carried, primarily, by the frequency spectrum
�Rosen, 1992�. This was partially supported; place was poor-
est in the 30 Hz sine condition �Fig. 3� but there was also a
difference between the two noise conditions and the 300 Hz
sine condition, so a more continuous spectrum cannot be the
only explanation.

A third difference is that the 300 Hz envelope cutoff
leads to common comodulations across all the carrier bands,
which may allow a more ready grouping of those compo-
nents together. Several studies have shown that common
modulations across the individual components of sine-wave
speech can improve recognition �Carrell and Opie, 1992;
Barker and Cooke, 1999; Lewis and Carrell, 2007�, although
this may be relatively more important when other cues to
auditory object formation are not available. The authors ad-
dress this issue in experiment 3.

III. EXPERIMENT 2: CORRELATES OF FUNDAMENTAL
FREQUENCY

The purpose of experiment 2 was to determine to what
extent cues to fundamental frequency �F0� were available in

FIG. 6. Excitation patterns to three-channel vocoded versions of a synthetic
static neutral vowel �formants at 500, 1500, and 2500 Hz� at a fundamental
frequency of 150 Hz. These are calculated on the basis of a gammatone filter
bank meant to represent normal auditory filtering �Clark, 2007�. Note the
lack of difference for a noise-vocoded vowel at the two envelope cutoff
frequencies, but the greater degree of difference for the sine-vocoded tokens.
Such differences are still apparent for five-channel sine vocoders, although,
as here, they are most prominent at lower frequencies where the auditory
filters are broadest. For higher numbers of channels, the differences are
minor.
the various test conditions.
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A. Subjects

Subjects were ten adults �eight females and two males�
recruited from the student populations at UCL �seven sub-
jects� and University of Washington, Seattle �three subjects�.
Six were native speakers of southern British English, one
was a bilingual Swedish/English speaker, and three were na-
tive speakers of American English. None had any experience
with tonal languages. Subjects ranged in age from 22 to 42
years �mean age 30 years�. All had normal hearing, defined
as pure-tone thresholds of 20 dB HL or better �see ANSI,
2006� at octave frequencies between 0.25 and 8 kHz. All
subjects were paid for their participation.

B. Stimuli and procedure

Two sets of stimuli were used: synthetic glides and natu-
rally produced sentences

1. Synthetic glides

The glide set included four diphthongs: /a*/, /e(/, /a(/,
and /o(/. Details of stimulus creation are available in Green et
al., 2002. These 620-ms long tokens ranged in fundamental
frequency such that the F0 at the midpoint in time of each
glide was either 113 or 226 Hz. The ratio of start-to-end
frequency varied in 12 equal logarithmic steps from 1:0.5 to
1:2.0, so the largest glides went from 80 to 160 Hz or from
160 to 320 Hz. The glides were vocoded using the three-
band processing described for experiment 1. Final stimuli
included two unprocessed conditions �F0 113 and F0 226�
and eight processed conditions �two carrier types
� two envelope cutoffs� twoF0s�.

Stimuli were presented diotically through Sennheiser
HD 25 SP headphones at a comfortable listening level. On
each trial the subject was required to identify the intonation
as either “rise” or “fall” using a computer mouse. A block
always consisted of 48 randomly ordered trials
�the 4 diphthongs�12 F0 steps�. The first block in any
test condition was intended as a training block and was pre-
sented with visual correct answer feedback. The remaining
blocks in any test condition were presented without feed-
back. Subjects completed two blocks in each unprocessed
condition, and four blocks in each vocoded condition. The
order of test conditions was randomized, with the constraint
that the subject completed the unprocessed conditions first.

2. Sentences

Sentences were drawn from 30 sentences previously
used by Green et al. �2005�. These consisted of simple de-
clarative sentences that could be produced as either a state-
ment or question; for example, “They’re playing in the gar-
den.” The recordings were made in an anechoic room with
each of the sentences read as a statement with a falling pitch
contour and as a question with a rising pitch contour. One
male and one female native talker of Southern British Eng-
lish produced the sentences. The ranges of F0 values were
approximately 100–220 Hz for the male talker and 120–360
Hz for the female talker. The sentences were vocoded using

the same processing as described for experiment 1. Only
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three-band versions were created. Final stimuli included five
conditions: sine-vocoded with 30 or 300 Hz envelope cutoff,
noise-vocoded with 30 or 300 Hz envelope cutoff, and un-
processed; each blocked by gender �male or female talker�.

Stimuli were presented diotically through Sennheiser
HD 25 SP headphones at a comfortable listening level. On a
trial subjects heard a sentence and were required to identify
the intonation as either “rise” or “fall” using a computer
mouse. A block consisted of 10 trials �for unprocessed sen-
tences� or 20 trials �for vocoded sentences�. The first block in
any test condition was intended as a training block and was
presented with visual correct answer feedback. The remain-
ing blocks in any test condition were presented without feed-
back. Subjects completed two blocks of the unprocessed
speech and four blocks in each vocoded condition. The order
of test conditions was randomized, with the restriction that
each subject completed the unprocessed conditions first.

C. Results

1. Synthetic glides

Results for the glides are shown in Fig. 7. For the 3s30
and 3n30 conditions at both center F0s, and for the 3n300
condition at the 226 Hz F0, the functions are essentially flat
indicating that subjects could not identify the direction of
pitch change. A logistic regression was applied to the propor-
tion of fall responses as a function of the log �base 10� of the
start-to-end frequency ratio for each processing condition
and center F0 for each subject in order to obtain estimates of
the slopes of the functions, steeper slopes indicating better
performance. Chi squared tests indicated that none of the fits
deviated significantly from the observed data.1 Slope esti-
mates �Table II� ranged from near zero for the relatively flat
functions to more than 20 for the unprocessed conditions.
The slope estimates for each of the ten subjects were ana-
lyzed using a two-way ANOVA. Repeated-measures factors
were processing condition and center F0. There was a sig-
nificant interaction between condition and F0 �F4,60

=4.80, p=0.007�, a significant main effect of condition
�F4,60=15.70, p=0.001�, but no main effect of F0 �F1,15

=0.35, p=0.565�. This is not surprising given that only in
condition 3n300 are there obvious differences between the
identification functions for the two frequencies. Post-hoc
comparisons indicated that results were different for the 113
and 226 Hz F0s for the 3n300 condition �t9=2.68, p
=0.025� but not for the 3n30 �t9=−1.33, p=0.217�, 3s30
�t9=−0.25, p=0.806�, 3s300 �t9=−0.45, p=0.667�, or un-
processed �t7=0.59, p=0.576� conditions.

2. Sentences

Results for the sentences are shown in Fig. 8. A two-way
repeated-measures ANOVA �talker�condition� found no in-
teraction with talker gender, F4,90=0.550, p=0.699, so data
are pooled across talker. There was a significant effect of
condition, F4,89=39.92, p�0.005. All of the conditions
were different from one another �p�0.010� except for 3n30
and 3n300 �p=0.081�. Like the glides, performance was best
for the 3s300 condition. Unlike the glides, listeners per-

formed above chance in almost all conditions �except 3s30�,
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even for the conditions where no F0 cues to intonation had
been available in the glides. Presumably, this reflects avail-
ability of other cues to intonation such as word lengthening
and envelope cues to syllable �Smith, 2002�. Put another
way, although F0 derived from temporal envelope cues con-
tributes to sentence intonation, other cues also play a role. In

FIG. 7. Percent fall responses in various processing conditions as a function
of the start-to-end frequency ratio for synthetic glides. The unprocessed
condition is at top.

TABLE II. Mean slope estimate �from a logistic regression� across ten sub-
jects for the proportion of “fall” responses as a function of the start-to-end
frequency ratio.

Condition

Center F0

113 226

3n30 0.51 0.97
3n300 9.20 0.62
3s30 �0.36 0.02
3s300 9.79 14.34
Unprocessed 22.95 20.92
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that sense, the sentence stimuli do not represent a “pure” test
of the utility of F0 in judging intonation. However, they do
illustrate the partial role of F0 in realistic speech materials. It
is interesting that those secondary cues do not seem to be
available in the 3s30 condition, where performance was
close to chance. One subtle difference between question and
statement that can be heard and seen in a spectrogram is the
amplitude and duration of the last syllable. It is possible that
the 3s30 spectrum is simply too sparse and this cue too weak
to be useful.

D. Discussion

Data from experiment 2 demonstrate that F0 information
can be derived from envelope fluctuations as long as the
envelope cutoff frequency is sufficiently high to allow for
transmission of periodicity cues. The effect is largest for the
sine carriers, where subjects could not derive any F0 infor-
mation with a 30 Hz cutoff but performed nearly as well with
the 300 Hz cutoff as they did with unprocessed stimuli.

The ability to obtain some pitch change information in
the 113 Hz F0, 3n300 but not in the 226 Hz F0, 3n300
condition is consistent with previous work showing that tem-
poral cues to voice pitch are less effective as F0 increases
above about 200 Hz �Arehart and Burns, 1999; Green et al.,
2002, 2004; Chatterjee and Peng, 2008; Laneau et al., 2006;
Patterson et al., 1978�. This occurs because sensitivity to
modulation decreases with increasing modulation frequency
�Grant et al., 1998�.

It remains unclear to what extent F0 �versus other cues�
contributed to differences in sentence, vowel, and consonant
recognition seen in experiment 1. In previous work F0 made
only a small contribution to sentence intelligibility �Hillen-
brand, 2003� and even less for syllable-length material
�Ohde, 1984; Faulkner and Rosen, 1999; Holt et al., 2001�.
In experiment 1, the authors saw a large improvement in
consonant and sentence intelligibility for a 300 Hz versus 30

FIG. 8. Boxplot showing the range of scores, interquartile range �box
length�, and median for each condition in the question/statement task.
Chance performance in this two-alternative forced-choice task was 50%
�shown by the dashed line�.
Hz envelope cutoff. For example, there was a 40% difference
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in scores between the 3s30 and 3s300 sentences. The mag-
nitude of the improvement and the similar improvement for
consonants as for sentences make it unlikely that F0 is the
entire source of the difference between conditions. Accord-
ingly, the authors next examine the contributions of a sparse
versus continuous spectrum in combination with across-
frequency comodulation.

IV. EXPERIMENT 3: CONTRIBUTIONS OF
COMODULATION AND SPECTRAL DENSITY

In experiment 1, performance was best for the 300 Hz
sine condition and worst for the 30 Hz sine condition. The
authors hypothesized that this resulted because sidebands in
the 300 Hz sine condition provided a denser, more continu-
ous spectrum as opposed to the spectral holes prominent in
the 30 Hz sine condition. Although the noise carriers would
also be expected to exhibit greater spectral density compared
to the 30 Hz sine condition, that �theoretical� advantage
could be offset by other factors such as the random modula-
tions of the noise carrier itself, or to spectral smearing due to
overlap between the noise bands.

Another difference between conditions was the degree to
which information was comodulated across bands. Common
amplitude modulation may “cohere” the output of separate
acoustic filters into a single auditory object. The authors hy-
pothesized that listeners would have more difficulty cohering
the sparse information in the 30 Hz sine condition and this
might have contributed to performance differences. Because
comodulation and spectral shape definition covaried in the
original conditions, the purpose of experiment 3 was to cre-
ate test conditions that varied the degree of comodulation
separately from spectral density.

A. Subjects

Subjects were 15 adults �8 females and 7 males� re-
cruited from the student populations at UCL �11 subjects,
native speakers of southern British English� and University
of Washington, Seattle �4 subjects, native speakers of Ameri-
can English�. One subject had participated in experiment 1
and the remaining subjects had no prior experience with the
test materials. Subjects ranged in age from 19 to 62 years
�mean 30 years�. All but two listeners had normal hearing,
defined as pure-tone thresholds of 20 dB HL or better �see
ANSI, 2006� at octave frequencies between 0.25 and 8 kHz.
The two oldest subjects aged 54 and 62 years met the criteria
through 4 kHz but had mild �40 dB HL or better� loss at 8
kHz. All subjects were paid for their participation.

B. Stimuli and procedure

Consonant recognition was measured with multiple to-
kens of the 20 vowel-consonant-vowel utterances used in
experiment 1, spoken by a male and a female talker who
were native speakers of southern British English. The female
talker was the same speaker as for experiment 1. Syllables
were produced with the consonants in three different vocalic
contexts �/Ä/, /ib/, and /ub/ hence “ah,” “ee,” and “oo”�. From
these, the authors selected six tokens of each combination of

vowel and consonant, including three from the male talker
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and three from the female. Across all exemplars, the mean
F0 for the male talker was 91 Hz and the mean F0 for the
female talker was 203 Hz.

Four test conditions used three-band vocoding with ei-
ther a sine or noise carrier, and either a 300 or 30 Hz enve-
lope cutoff. These were essentially identical to experiment 1
except that the authors used multiple utterances of the same
token, and a male talker as well.

Three further conditions were created to vary comodu-
lation separately from spectral density, all based on three-
channel vocoders and a synthetic source. Figure 9 exhibits
the various stages in the process. To create a source signal
for voiced speech, laryngograph recordings were used to de-
termine the time points of individual vocal fold closures,
referred to here as pitch pulses. A speech analysis program
�SFS�2 was used to generate a fundamental-frequency contour
based on the pitch pulses, which was used along with the
original waveform for hand correction of any pitch pulse
errors. The authors then created a sawtooth wave whose pe-
riods corresponded to those of the pitch pulses �i.e., which
varied in F0 as did the original signal�. For each band, the
fundamental-frequency modulated sawtooth carrier was fil-

FIG. 9. Time waveforms and narrow-band spectrograms illustrating the
various stages in the construction of stimuli in the Px condition of experi-
ment 3. No spectrogram is shown for the envelope signal as it only contains
a narrow band of low frequencies. At top is shown the original VCV /Ä k Ä/
as spoken by the female talker. Row 2 shows the source function that has a
periodic wave matching that of the speech when it is voiced, and a random
noise otherwise. Row 3 shows the envelope extracted from channel 2 �hence
the subscript�, the middle channel of this three-channel vocoding. Row 4
shows the result of multiplying the given envelope by the source, and row 5
the result of a further multiplication by the sine carrier appropriate for this
channel. Finally, row 6 shows the final output of channels 1 and 2 summed.
The third �highest� channel is not visible because the frequency range of the
spectrograms has been limited to 2 kHz so that the harmonics of the voiced
source can be clearly observed.
tered to constrain its spectral slope and bandwidth to the

P. E. Souza and S. Rosen: Sine- and noise-vocoded speech



same 300 Hz span that would have occurred for a typically
obtained envelope signal using this cutoff. The source for all
other intervals of speech was a filtered random noise �i.e.,
during voiceless speech or silence�. See row 2 of Fig. 9 for
an example of the source function on its own.

Each speech file was then digitally filtered into three
bands, using the same filter bank as previously described.
The output of each band was full-wave rectified and low-
pass filtered at 30 Hz �fourth-order Butterworth� to extract
the amplitude envelope �Fig. 9, row 3 shows the envelope for
the middle channel�. The source wave was then multiplied by
the 30 Hz envelope for each band �Fig. 9, row 4�, and the
result used to modulate a sine carrier of the appropriate fre-
quency �Fig. 9, row 5�. The rms level was adjusted at the
output of the filter to match the original analysis and the
signal was summed across bands �Fig. 9, row 6�. This signal
was a control condition termed Px �pulsed excitation�, and
should be very similar to the 3s300 condition, as can be seen
in Fig. 10. One Px condition was created for the male talker
and one for the female talker.

A “decoherent” �Dx� signal was created using a constant
pitch contour, which varied across channels. For the male
speech, the rate was set to 90.7, 79.7, and 110.9 Hz in bands
1–3, respectively, and for the female speech, 202.7, 178.3,
and 247.7 Hz in bands 1–3, respectively. The different saw-
tooth rates were modeled on work by Carrell and Opie
�1992� and, as in that study, values were chosen to prevent
short-period unintentional comodulation due to a large com-
mon factor across the three frequencies.

In order to rule out the possibility that any decrements in
performance for the Dx signal resulted from the flattening of
the pitch contour as opposed to the differential pulse rates
across channels, two sets of monotone signals �Mx� were
created using a fixed pulse rate in each channel �91 Hz for
the male talker and 203 Hz for the female talker�. An ex-
ample of a stimulus from both the Dx and Mx conditions can
be found in Fig. 10.

Test procedures were the same as described for experi-
ment 1 with the following modifications. �1� The practice
block consisted of 40 trials, in which the 20 consonants were
sampled from the various vowel contexts and test conditions.
�2� In the test phase, each block contained 60 trials
�20 consonants�3 vowel contexts�. A single block con-
tained stimuli for either the male or female talker. �3� A trial
was randomly drawn from the three available exemplars for
that talker/consonant/vowel token. �4� The order of test con-
ditions was randomly selected for each subject.

C. Results and discussion

Results, shown in Fig. 11, were analyzed with a two-
way �talker�condition� repeated-measures ANOVA. There
was no significant effect of talker �F1,28=2.50, p=0.13�, no
interaction between talker and test condition �F6,168

=0.78, p=0.52�, but a significant effect of test condition
�F6,168=21.79, p�0.01�. Post-hoc means comparisons indi-
cated that there was no difference between the Dx and Mx
�t29=0.96, p=0.35�, Px and Mx �t29=−1.40, p=0.17�, or

Dx and Px �t29=−0.56, p=0.58� conditions. That is, deco-
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hering the spectrum had no significant effect when the den-
sity of the spectrum was maintained. This may be thought
surprising, since the value of a common �but not indepen-
dent� modulation of sinusoidal components has been demon-
strated previously �Carrell and Opie, 1992�. However, in a
follow-up study, Lewis and Carrell �2007� also found just as
much benefit for independent modulations of the sinusoidal
components as for common ones. They noted that the inclu-
sion of sounds such as medial voiceless plosives would cause
comodulations across bands �although at lower modulation
frequencies�, which might have conferred their own cues for
auditory grouping, thereby reducing the need for �and benefit
of� comodulation due to voice pitch variations. Certainly all
of those elements would have been present in our naturally

FIG. 10. Narrow-band spectrograms of versions of the VCV /Ä k Ä/ as
spoken by the female talker of experiment 3. The top panel shows the
original speech token, followed by the conditions of particular interest �for
details, see the text�. Note the similarity between conditions 3s300 and Px.
Condition Mx is similar to Px, but with a fixed F0, identical for all three
channels, as can be seen from the fact that all the spectral components are
fixed in frequency �unlike the varying ones in Px�. Condition Dx also uses
fixed F0s, but ones which vary from channel to channel �note that the spec-
tral components in the highest frequency channel are more widely spaced
than those in the lower two�. Also of interest is the fact that the transient
release burst of the /k/, shown prominently by the dark “blobs” for both the
speech and 3s300 sounds at consonantal onset, is more or less eliminated by
the 30 Hz envelope filter used in the other conditions.
produced speech.
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Although the Px processing was intended to mimic the
properties of the 300 Hz sine condition, scores were about
5% higher in 3s300 than in Px �t29=3.57, p�0.01�. The
reasons for this are apparent in Table III, which shows con-
fusion matrices for the two conditions collapsed across
manner/voicing categories. Performance for voiced fricatives
is much better for 3s300, almost certainly attributable to the
fact that the Px processing does not allow the representation
of mixed excitation �having both a periodic and a noise
source� as happens in voiced fricatives such as /c/. Plosives
are also better identified in 3s300, probably because the 30
Hz smoothing filter in the Px processing makes the onset
burst of the consonant less prominent, as can be seen in the

FIG. 11. Boxplot showing the range of scores, interquartile range �box
length�, and median for each condition in a consonantal identification task.

TABLE III. Comparison of confusion matrices collapsed across manner and
ease of reading, any cell with less than five responses is rendered as blank.

Px v+ plosive v− affricate v− fricative

Stimulus v+ plosive 235
v− affricate 83
v− fricative 255
v+ affricate 7
v− plosive 40

Glide 14
Nasal

v+ fricative 12

3s300 v+ plosive v− affricate v− fricative

Stimulus v+ plosive 246
v− affricate 77
v− fricative 253
v+ affricate 10
v− plosive 26

Glide 5
Nasal

v+ fricative 13
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spectrograms in Fig. 9. The only sounds for which Px scores
are substantially higher than 3s300 are the nasals but this is
balanced out almost exactly by the better performance for
glides by 3s300. It is not clear why this difference arises
between the two conditions, since the representation of peri-
odicity for such sounds is unlikely to differ much. But glides
and nasals are the two classes most often confused in both
processing conditions, so may best be thought of as a single
category.

As in experiment 1, scores were highest for the 300 Hz
sine condition, with lower scores for the 300 and 30 Hz noise
conditions and the 30 Hz sine condition. That scores are
lower when all vowels were included is not surprising, be-
cause more token variability typically leads to lower scores.
Table IV compares mean scores for experiment 1, for all
vowels in experiment 3, and for only the /Ä/ vowel context in
experiment 3. When only the /Ä/ vowel is considered, mean
scores are generally similar �within 5%� across experiments.
The largest difference is the mean score for the 300 Hz sine
condition, which is 8% higher in experiment 1. The reasons
for this are unclear but in experiment 1 subjects might also

g for the Px �top� and 300 Hz sine �bottom� conditions in experiment 3. For
indicates sounds that are voiced and “v−” sounds that are voiceless.

Response

+ affricate v− plosive Glide Nasal v+ fricative Sum

9 17 270
5 90

5 270
81 90

224 270
204 60 80 360
46 122 8 180

10 57 183 270

Response

+ affricate v− plosive Glide Nasal v+ fricative Sum

13 270
8 90

5 270
79 90

239 270
220 58 73 360
66 104 8 180

20 24 209 270

TABLE IV. Mean percent correct for experiments 1 and 3, and for only the
/Ä/ vowel context in experiment 3. 16 subjects participated in experiment 1
and 15 �different� subjects participated in experiment 3.

Condition Experiment 1
Experiment 3 /Ä/

only
Experiment 3

all vowels

Noise, 30 Hz 52.4 46.0 35.3
Noise, 300 Hz 50.8 54.0 43.3
Sine, 30 Hz 48.3 44.3 41.4
Sine, 300 Hz 58.4 50.7 53.1
voicin
“v+”

v

v
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have heard the processed vowels and/or processed sentences
before the consonants. It is possible that familiarization af-
fected the more intelligible stimuli to a greater extent. Whit-
mal et al. �2007� also noted the likelihood of such “expo-
sure” effects for their vocoded stimuli.

Other findings replicated the results of experiment 1: For
the tone carrier, scores were higher for a 300 Hz than a 30
Hz envelope cutoff �t29=−5.85, p�0.01�; for the 300 Hz
cutoff, scores were higher for a tone than for a noise �t29=
−7.13, p�0.01�. Those results were verified using a new
set of five subjects with normal hearing who completed both
experiments, and for whom order of the two experiments
was counterbalanced across subjects. Data are shown in
Table V and again, show the lowest score for the sine 30 Hz
condition when only /Ä/ vowels were used, and the lowest
score for the noise 30 Hz condition when all vowels were
included.

V. GENERAL DISCUSSION

Although the differences were most pronounced for the
sentences, all materials shared common patterns. With a 30
Hz envelope cutoff frequency, performance was better with a
noise than with a sine carrier. With a 300 Hz envelope cutoff
frequency, performance was better with a sine than a noise
carrier. For sine-vocoded speech, performance was better
with a 300 Hz than a 30 Hz envelope cutoff. For noise-
vocoded speech, there was no benefit of increasing the enve-
lope cutoff.

To what should these effects be attributed? First, con-
sider the effect of increasing envelope cutoff frequency. Ac-
cording to Rosen’s �1992� classification, a 30 Hz envelope
cutoff would not transmit cues concerning periodicity �or
aperiodicity�. Therefore, detection of voicing should be bet-
ter with the 300 Hz cutoff, and this is supported by the fea-
ture analysis.

The higher-frequency envelope modulations would also
be expected to provide cues to variations in F0, which can
contribute to sentence recognition in quiet and to a smaller
extent to consonant recognition in quiet �Faulkner et al.,
2000�. For example, F0 can code some segmental character-
istics such as plosive consonant voicing and aspiration �Hag-
gard et al., 1970�. In tonal languages such as Mandarin Chi-
nese, F0 variations are more important than in English �Xu
et al., 2002; Xu and Pfingst, 2003�. F0 cues will also be
important in background noise where they can serve as a cue

TABLE V. Mean percent correct for experiments 1 and 3, and for only the
/Ä/ vowel context in experiment 3. Results are for the same five subjects for
both experiments.

Condition Experiment 1 Experiment 3 /Ä/ only
Experiment 3

all vowels

Noise, 30 Hz 55.6 46.0 31.1
Noise, 300 Hz 51.2 56.0 38.8
Sine, 30 Hz 47.2 44.0 41.8
Sine, 300 Hz 62.9 57.0 48.5
to talker separation. Stone et al. �2008� demonstrated that
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increasing the envelope cutoff frequency from 45 to 180 Hz
improved sentence recognition in a competing speech task
even when the signal already offered a high level of spectral
detail via a large number of bands. In contrast to the present
data, Stone et al. �2008� also found some �although small�
benefit to increasing envelope filter cutoff for noise-vocoded
as well as sine-vocoded signals. This may be related to the
nature of the speech-in-noise task as opposed to recognition
of speech in quiet; that is, the higher-frequency envelope
modulations might have aided talker separation even if not
improving recognition per se.

Is the advantage of increasing the envelope cutoff fre-
quency with a sine carrier related to the information con-
veyed by the spectral sidebands, or to the availability of
higher-frequency temporal modulations? Gonzalez and Ol-
iver �2005� believed that the ability to identify talker gender
using fewer bands with sine-wave carriers than with noise
band carriers was partially due to the ability to resolve spec-
tral sidebands for the sine carrier �reflecting the spectral con-
tent of the envelope�, which of course would signal talker
F0, a strong cue to gender. If the effect was solely due to a
denser �or more continuous� spectrum, though, the authors
would expect to see similar performance for the 300 Hz sine
and 300 Hz noise conditions, yet the sine was much superior.
Nor can the authors attribute the better performance with the
300 Hz sine condition to a greater sense of comodulation
across frequency bands, since “decohering” a signal to abol-
ish across-band asynchrony had no effect on recognition. It
therefore appears that the transmission of better cues to
periodicity/aperiodicity �signaling voicing� and its variations
in F0 �signaling intonation� are the main contributors to this
advantage.

Why was it that increasing the envelope cutoff fre-
quency did not confer the same benefit for the noise carrier?
Unlike a constant-amplitude sine carrier, a noise carrier has
its own envelope fluctuations. These fluctuations could act as
interferers, preventing full use of envelope information
�Gonzalez and Oliver, 2005�, and perhaps negating the ben-
efit of the higher-rate amplitude modulations. Such an effect
has already been demonstrated for nonspeech signals �Dau et
al., 1999�. The idea is that listeners will have more trouble
detecting a signal in a randomly-varying masker because the
auditory system will not be able to easily distinguish be-
tween a signal, and a randomly occurring component of the
masker. For whatever reasons, it is well known that both the
detection of amplitude modulations in noise carriers and dis-
crimination of modulation rates worsen with increasing
modulation rates �Burns and Viemeister, 1976, 1981; Patter-
son et al., 1978; Viemeister, 1979�. A “low-noise noise” can
be created by restricting the relationship between noise com-
ponents such that they will have related phase. Whitmal
et al. �2007� demonstrated better performance when the sig-
nal was vocoded using either sine carriers or low-noise noise
carriers, and worse performance with conventional noise car-
riers. The worst performance was with a narrow-band Gauss-
ian noise carrier, which would have had the greatest inherent

�and potentially interfering� envelope fluctuations. A similar
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concept might explain the restriction of the benefit of in-
creasing envelope cutoff frequency from 30 to 300 Hz with a
noise carrier.

It is also possible that higher-rate temporal fluctuations
�i.e., as occur with the higher envelope cutoff frequency� are
valuable only when compared to the case where spectral cues
alone are insufficient. Xu and co-workers �2005, 2007, 2008�
noted a tradeoff such that recognition can be improved either
by increasing the envelope cutoff frequency or by increasing
the number of spectral bands. In this instance, the 30-Hz
noise condition offered about the same level of spectral de-
tail as the 300-Hz noise condition. Perhaps listeners rely
more heavily on spectrum to aid identification and the addi-
tive effect of higher temporal fluctuations is simply too
subtle to contribute in a measurable way.

In summary, our results indicate that changes in carrier
type in combination with envelope filter cutoff can signifi-
cantly alter available cues in vocoded speech. Spectral den-
sity and the availability of higher-rate temporal modulations
were indicated as major factors. Subjects performed worst
for conditions that were spectrally sparse and contained only
low-rate temporal modulations. Based on the results of ex-
periment 3, comodulation across bands appeared to make a
negligible contribution, at least for these speech materials.

These results also suggest that one should give careful
thought to the choice of vocoding method for applications
such as cochlear implant simulations. First, consider the
level of spectral information provided. In this case, although
the number of bands was chosen in part to prevent floor and
ceiling effects for our speech tasks, it is within the range of
the four to eight effective channels expected in real CI users
�Wilson and Dorman, 2008�. However, high envelope cut-off
frequencies combined with sinusoidal carriers lead to sensi-
tivity to voice pitch variations in normal listeners that far
outstrips the performance of any traditional cochlear implant
user.

It may also be the case that different simulations mimic
different aspects of cochlear implants, but that there is no
single implementation that can simulate all aspects and situ-
ations. Tone vocoders with high cutoff frequencies are not
representative of real implants, but a low envelope cutoff
probably results in worse sensitivity to voice pitch than in an
actual cochlear implant. Noise-vocoding with high cutoffs
probably has appropriate sensitivity to voice pitch, but the
fluctuations from the noise itself would not be a factor in a
real implant. Although it may not be possible to create a
situation where a normal-hearing listener responds as would
a cochlear implant wearer in all conceivable ways, different
implementations of vocoding can lead to more-or-less realis-
tic results.
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