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The human voice spectrum above 5 kHz receives little attention. However, there are reasons to
believe that this high-frequency energy (HFE) may play a role in perceived quality of voice in sing-
ing and speech. To fulfill this role, differences in HFE must first be detectable. To determine human
ability to detect differences in HFE, the levels of the 8- and 16-kHz center-frequency octave bands
were individually attenuated in sustained vowel sounds produced by singers and presented to listen-
ers. Relatively small changes in HFE were in fact detectable, suggesting that this frequency range
potentially contributes to the perception of especially the singing voice. Detection ability was
greater in the 8-kHz octave than in the 16-kHz octave and varied with band energy level.
VC 2011 Acoustical Society of America. [DOI: 10.1121/1.3557033]
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I. INTRODUCTION

The human voice produces acoustic energy above 5
kHz, as both harmonics and noise. This high-frequency
energy (HFE) has traditionally received little attention in
speech and voice research. Reasons for this may include: (1)
presence of HFE is not necessary for highly intelligible
speech communication and reproduction, (2) the HFE level
is much lower than the spectral energy level below 5 kHz,
(3) early signal processing technology did not allow for
accurate measurement or analysis of HFE, and (4) as fre-
quency increases, voice acoustics become increasingly diffi-
cult to analyze and model (the planar wave propagation
assumption in vocal tract modeling becomes invalid, scatter-
ing behavior increases in complexity, etc.). The result is a
lack of detailed characterization of the content of HFE from
human voice and its perceptual effects.

Despite the lack of scientific scrutiny, HFE in voice
does receive attention in some practical applications. Re-
cording studio and live sound engineers regularly manipulate
the “treble” frequency range for speaking and singing voices,
using equalization techniques. The sensitivity of the engi-
neer, or an audience of listeners, to changes in HFE is
unknown. Additionally, while standard telephony has
been restricted to the bandwidth below 4 kHz, so-called
“wideband” telephony is now being integrated into modern
telephony domains. This technology extends the bandwidth
of transmission to 7 kHz. The perceptual effect of this
improvement has not been studied in detail. Claims have
also been made that the bandwidth of augmentative hearing
devices should be extended to include HFE (e.g. Ref. 1). The

usefulness of such bandwidth extension, and what frequency
range is actually necessary, is still heavily debated.

The limited number of studies on HFE information in
speech and voice have examined its contribution to overall
acoustic energy in normal speech and voice;2–8 its contribu-
tion to overall acoustic energy in voice disorders;9–11 its
effect on localization ability;12 and its effect on speech intel-
ligibility.13–16

A few studies that have examined speech and voice
quality have suggested that HFE plays a role in the perceived
quality of voice. As early as 1957, Olson17 reported that lis-
teners preferred live full bandwidth speech (and music) to
that acoustically low-pass filtered at 5 kHz. He claimed that
“a limited frequency range impairs the quality and artistic
value” of speeches and songs. Qian and Kabal18 observed
that “voice quality is perceived as being much worse” for
standard telephony narrowband speech (300–3400 Hz) than
for wideband speech (50–7000 Hz). In a listening experi-
ment they found that listeners preferred wideband speech
quality to that of narrowband speech, though no attempt was
made to isolate the separate effects of low-frequency vs
high-frequency extension. Moore and Tan,19 however, found
that the percept of “naturalness” was affected specifically by
HFE. Part of their study examined naturalness scores for
bandpass filtered speech and music. Changing the upper cut-
off frequency from approximately 11 kHz to 7 kHz (with a
lower cutoff of 55 Hz) markedly decreased perceived natu-
ralness scores for the speech signal.

The aforementioned studies have established that HFE
in speech is audible. Understandably, any perceptual work
done related to HFE in these studies has focused on running
speech or isolated consonants.1,13–16,18,19 It is generally
understood that consonants (fricatives, in particular) will ex-
hibit higher levels of HFE than vowels. To illustrate this,
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Fig. 1. shows an example of the separate contributions of
voiced and voiceless speech to overall acoustic energy for
running speech. The question remains then as to whether
HFE might contribute to percepts of isolated vowel sounds.
This question is particularly pertinent to singing, in which
the majority of the acoustic signal consists of sustained
vowel sounds. The potential importance of HFE for singing
is compounded when considering that previous studies have
indicated that HFE contributes to percepts of quality in
speech. As qualitative percepts are especially significant for
singing, studying HFE in singing voice seems a logical step.

Previous studies have made no attempt to quantify lis-
tener sensitivity to HFE in that they have only presented
speech signals with either the normal level of HFE or com-
plete attenuation of HFE bands. One purpose of the current
experiment was to explore listener sensitivity to changes of
the HFE in voice signals by attenuating normal HFE levels in
small increments. In other words, previous studies have taken
an “all-or-nothing” approach to determining human ability to
hear HFE in speech. This study instead examines human sen-
sitivity in this frequency range by incrementally changing the
“landscape” of HFE. While such perceptual experiments
have been performed using non-speech stimuli (such as
broadband noise20,21 and musical instrument recordings22), it
is not certain that results from such studies can predict sensi-
tivity to HFE in human voice stimuli due to the differing
spectral levels of HFE in voice. In performing experiments
using human voice stimuli we hoped to begin to determine
the extent to which HFE in speech and voice provides useful
perceptual information. In particular, before embarking on
the difficult task of including HFE in voice synthesis and
vocal tract modeling, it would be helpful to know if listeners
are highly sensitive to subtle changes in HFE.

It is unknown how HFE production or detection might
be affected by overall sound pressure level or differing voice
type. It is also not well known how dependent on frequency
the detection of HFE may be (though results from Moore
and Tan19 indicated that filtering out energy above 11 kHz

did not significantly change the perception of naturalness for
speech). In the current study, vocalizations produced at dif-
ferent sound levels were used, and separate frequency bands
were attenuated in isolation. Two male singers of differing
voice quality and timbre were used. The specific questions
addressed by this research were: (1) Are listeners able to
detect small level changes in HFE of isolated vowel sounds?
(2) Are listeners able to detect these changes equally across
frequency bands? (3) Are listeners able to detect these
changes equally in the same voice at different sound pressure
levels? (4) Are listeners able to detect these changes equally
for different voices/voice types?

II. METHOD

To determine the audibility of changes in HFE, the
energy levels of the 8- and 16-kHz center-frequency octave
bands were individually attenuated in sustained vowel
sounds produced by singers.

A. Stimuli

Recordings were taken from a database of high-fidelity
(16-bits, 44.1 kHz) recordings of singers in sound-treated
rooms, with a microphone distance of 30 cm directly in front
of the singer’s mouth. Singers were asked to phonate without
vibrato on the vowel /a/ at various intensity levels. The sub-
jects chosen for this study were two male tenors. Two 500-ms
excerpts of each subject were selected based on overall sound
pressure level (SPL) to represent “loud” and “soft” phonation.
The fundamental frequency of phonation was approximately
170 Hz.

Each stimulus was passed through a digital Parks–
McClellan equiripple FIR bandstop filter to remove the
octave band centered at 8-kHz (5657–11 314 Hz). Each stim-
ulus was also passed separately through a digital Parks–
McClellan equiripple FIR bandpass filter to extract the 8-kHz
octave. The output signal from the bandpass filter was then
attenuated in 10-, 3-, or 1-dB steps to the desired level and
summed with the output signal from the bandstop filter. This
same procedure was used for the 16-kHz octave (11 314–
22 050 Hz), using a low-pass filter in place of the bandstop
filter, and a high-pass filter in place of the bandpass filter.
Figure 2 illustrates this filtering process with attenuation of
the separate octave bands in 10-dB steps for one of the stim-
uli. To eliminate the possible influence of audible artefacts of
the filtering process, the “original” signal was regenerated by
filtering the signal as described earlier and summing the
extracted octave with 0-dB attenuation.

The generated stimuli were played back using the experi-
mental set-up (see Sec. II B) without the listener. They were
re-recorded for analysis with a Brüel and Kjær Type 4003
microphone at 1 m from the loudspeaker. The spectra of the
four stimuli (loud and soft ! two singers) re-recorded with
the B&K microphone in this arrangement are shown in Fig.
3. The stimuli were ordered according to SPL, and each was
slightly amplified or attenuated in level so that overall SPLs
at 1 m were 80, 75, 70, and 65 dB for the stimuli as labeled.
These values approximate the actual levels of the stimuli

FIG. 1. Long time average spectrum of 60 s of running speech, illustrating
the separate contributions of voiced and unvoiced speech segments. The
speaker was a female reading out loud from a novel. (The sharp peak at just
over 9 kHz in the unvoiced LTAS is due to a single whistling “s”
consonant.)
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when produced at 1 m based on the initial levels recorded at
30 cm.

Table I gives the overall SPLs for the stimuli. The abso-
lute and relative levels of the HFE octave bands are also
reported. For each voice, HFE was seen to decrease with
decrease in overall intensity. It can be seen, however, that
voice 2 “loud,” while having a lower overall SPL than voice
1 “loud” (75 dB compared to 80 dB), exhibited higher abso-
lute and relative levels of HFE for both octave bands. The
same phenomenon was seen when comparing voice 2 “soft”
to voice 1 “soft.” Subjectively, voice 1 would be described
as having a “darker” tone quality, while voice 2 would be
described as having a “brighter” tone quality. It is likely that
HFE level contributes to these perceptual voice qualities.
This idea is strengthened by the fact that relative HFE levels
appeared to be voice specific and relatively stable across
phonation level. Voice 2 was approximately 10 dB greater in
relative level for the 8-kHz octave than voice 1, and more

than 6 dB greater in the 16-kHz octave. It is interesting that
this held true for both the loud and soft conditions. It is also
interesting that, while overall HFE level increased with
sound level, relative HFE level for each voice changed very
little with change of sound level. These patterns suggest that
HFE can provide information on stable individual differen-
ces in voice quality. In all cases, the removal of both HFE
octave bands had very little effect on the overall SPL of the
stimulus (<0.01 dB).

B. Procedure

Thirty listeners participated in the experiment (14
female). Age ranged from 20 to 61 years, with a mean age of
29.5 years. Binaural audiometric thresholds were measured
for octave frequencies from 250 Hz to 8 kHz. All subjects
had thresholds better than or equal to 15 dB HL for all fre-
quencies tested.

The experiment took place in a sound-treated room.
Stimuli were played over an Audio Pro Type A4-14 Mk II
(Audio Pro, Sweden) full-range powered loudspeaker with
good high-frequency response (64 dB from 6 to 20 kHz).
Stimuli were subjected to 10-ms raised-cosine fade-in and
fade-out functions during playback. Listeners sat directly in
front of the loudspeaker at a distance of 1 m.

An adaptive three-alternative forced-choice oddity task
was used. For each trial the listener was presented with three
stimuli (separated by 500 ms of silence): two of the original
signal and one test signal with an attenuated HFE level. The
order in which the test signal was presented was randomized
for each trial. Instructions to the listener were given on a
computer screen located next to the loudspeaker. The listen-
ers were to choose the odd signal and were given feedback
on their response before moving on to the next trial. The ex-
perimental session consisted of a training block followed by
two experimental blocks. Each of the two experimental
blocks tested one of the two separate HFE octaves. Block
presentation order was matched across listeners. Stimulus
presentation within each block was interleaved and random-
ized across voice number and phonation level.

The first trial presented for each stimulus always had the
greatest attenuation and the attenuation was incrementally
decreased. For the training block, a 1-up 1-down rule was
used and the attenuation step size was set at 10 dB; the train-
ing block continued until two reversals occurred. For the ex-
perimental blocks, a 1-up 2-down rule was used and the
attenuation step size changed from 3 to 1 dB on the first

FIG. 2. Spectra of a sustained /a/ after attenuation of (a) the 8-kHz octave
and (b) the 16-kHz octave.

FIG. 3. Spectra of two voices on the sustained vowel /a/ during loud (a and
b) and soft (c and d) phonation.

TABLE I. Overall levels at 1 m (re 20 lPa) of a sustained vowel /a/ pro-

duced by two male singers and two phonation levels. Absolute levels of the
8- and 16-kHz octave bands as well as levels relative to overall stimulus
level are also given.

8-kHz Octave level 16-kHz Octave level

Stimulus Overall level (dB) Abs (dB) Rel (dB) Abs (dB) Rel

Voice 1 loud 80 40.3 –39.7 37.1 –42.9

Voice 2 loud 75 45.1 –29.9 41.3 –33.7

Voice 1 soft 70 30.9 –39.1 27 –43

Voice 2 soft 65 36.2 –28.8 28.4 –36.6
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upper reversal. The block then continued until three reversals
occurred. The levels at these three reversals were averaged
to obtain a difference limen (DL) estimate. (This procedure
was similar to that used by Gunawan and Sen.22)

III. RESULTS AND DISCUSSION

All listeners showed at least some ability to detect HFE
level changes. Figure 4 shows the percentage of listeners (on
the ordinate) able to detect the HFE attenuations (on the ab-
scissa) for each stimulus. Table II gives the median and min-
imum DL values for each stimulus and HFE octave band.
The DLs are reported here as octave band attenuation in dB.
Results are reported comparing octave band, subject voice,
and sound level.

A. Octave band

Overall, listeners showed much greater ability to detect
HFE level changes in the 8-kHz octave band than in the 16-
kHz octave band. All listeners were able to detect changes in
level of the 8-kHz octave band for at least one of the stimuli.
For three of the four stimuli used, 90% or more of listeners
could detect full attenuation of the 8-kHz band (voice 1 soft

being the exception). Conversely, no more than half of the
listeners could detect full attenuation of the 16-kHz octave
for any given stimulus. However, 60% of listeners showed at
least some ability to detect changes in the 16-kHz octave
band level.

The 8-kHz octave appears at first to be of greater percep-
tual significance than the 16-kHz octave. However, it should
be noted that minimum DL scores for the 16-kHz octave
were, at most, only 2.7 dB greater than their 8-kHz octave
counterparts. The range of DL scores was quite large, and cer-
tain listeners were able to detect changes in the 16-kHz octave
much better than others. In some cases, listeners did better
detecting changes in the 16-kHz octave than in the 8-kHz
octave. It is difficult to account for these individual differen-
ces in perception. Follow-up regression analyses predicting
HFE DLs by age and pure-tone thresholds provided little indi-
cation of the variables underlying this listener variability. The
average DLs for each listener collapsed across the four 8-kHz
stimuli were not correlated with age (Pearson’s r"# 0.065 ),
pure-tone threshold at 8 kHz (r" 0.014), nor the average of
all collected pure-tone averages (r"# 0.080 ). Because DL
values could not be obtained for many of the listeners in the
16-kHz conditions, a linear regression analysis was not appro-
priate. Instead, listeners were separated into those for whom a
DL could be obtained on two or more stimuli (n" 14) and
those for whom a DL was not obtained on at least three of the
four stimuli (n" 16). A logistic regression analysis was com-
puted to predict membership in these two groupings. Again,
age (b"# 0.141 ) and 8000-Hz threshold (b"# 0.105 ) were
not significantly predictive. On the other hand, the average
pure-tone threshold did moderately predict group membership
(b"#0.395, p" 0.01).

B. Voice

The ability to detect changes in HFE level varied with
voice type. Specifically, while all listeners could detect a 13-
dB attenuation of the 8-kHz octave for voice 2 loud, only
80% of listeners detected this same change in voice 1 loud,
despite voice 1 being 5 dB greater in overall SPL. A similar
trend was seen for the soft condition. It was also found that
listeners detected the 16-kHz octave band level changes
more readily for voice 2 than for voice 1. This implies
that listeners’ ability to detect HFE is dependent upon the
timbre of the voice, which will be specific to the individual
singer/talker.

These results might not be terribly surprising, given that
voice 2 exhibited both higher absolute and relative HFE lev-
els for both soft and loud conditions (see Table I). It is not
unlikely that these stable differences are important for per-
ception of singer/talker-specific voice quality. From a vocal
production standpoint, however, it is intriguing to speculate
on the cause of such a difference in HFE level. Is this differ-
ence strictly attributable to biological differences in the
vocal tract or vocal fold vibratory characteristics over which
an individual has no control? Or, more interestingly, could
this difference be attributed to learned behaviors of vocal
tract modification or vocal fold phonation? If the latter, then
it could be significant for singers or talkers who desire to

FIG. 4. Percentage of listeners able to detect the attenuations of the 8-kHz
(solid line) and 16-kHz (dotted line) octave bands in the four stimuli. The
maximum attenuation shown is based on maximum attenuation before
reaching the noise floor, which varied for each stimulus.

TABLE II. Median DL scores for the 8-kHz octave (with standard devia-
tions) and minimum DL scores for both octave bands in each stimulus. Me-

dian DL scores for the 16-kHz octave are not included because no more than
50% of listeners could detect attenuation of the 16-kHz octave band for any

stimulus.

8-kHz 16-kHz

Stimulus Med (dB) SD (dB) Min (dB) Min (dB)

Voice 1 loud 6 8.5 1.3 4

Voice 2 loud 4.8 2.9 1 3

Voice 1 soft 16 13.9 5 2.7

Voice 2 soft 11.8 11.9 4.3 4.3
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change the quality of their voice by controlling the shape of
the HFE spectrum. Is it possible to attain a certain vocal tract
configuration or a vibration of the vocal folds such that the
shape of the HFE spectrum optimizes the aesthetic of the
voice? And, if so, what is that optimal spectral shape? Would
it differ for different vocalization styles and genres? These
questions are the subject of future research.

C. Sound pressure level

For both voices in this experiment, an increase in phona-
tion SPL gave an increase in ability to detect HFE level
changes. Approximately 93% of listeners had DLs of 25-dB
attenuation or less for the 8-kHz octave for voice 1 loud,
compared to only 63% for voice 1 soft. For voice 2, 100% of
listeners had DLs of 13 dB or less in the loud condition,
while only 60% did in the soft condition, and only 90%
detected complete attenuation. A similar trend was seen for
the 16-kHz octave, though much less pronounced.

To explore why this is the case, a comparison can be
made between DL scores and HFE level (see Tables I and II).
Median and minimum DL scores for the 8-kHz octave HFE
were all highly correlated with absolute HFE level and peak
amplitude. Pearson correlation coefficients between absolute
HFE levels and DL scores were r"#0.97 and r"#0.93 for
the median and minimum scores, respectively. Correlation
coefficients between peak amplitudes and DL scores were
r"#0.98 and r"#0.94 for the median and minimum scores,
respectively. Absolute level and peak amplitudes also corre-
lated well (r values $ 0.89) with the percentage of listeners
able to detect full attenuation of the 8-kHz octave level.

Conversely, correlations between relative levels and DL
scores were less than 0.25. Inspecting the 8-kHz octave lev-
els given in Table I reveals that decreases in phonation inten-
sity had little effect on the relative HFE level, with voice 1
around #40 dB and voice 2 close to #30 dB. Yet detection
performance decreased on the task for the softer phonation
intensity of each voice. With relative levels remaining fairly
consistent, this suggests that the detection of HFE changes is
not influenced greatly by the masking of the HFE by the
lower frequencies.

These results give two possible predictors of listeners’
ability to detect HFE changes in the 8-kHz octave: (1) total
HFE energy level and (2) peak amplitude. (These predictors
would account for the singer-specific DL score differences
discussed in Sec. III B.) Presumably, then, any change of
phonation that increases the HFE level would increase a lis-
tener’s ability to detect it. Such a level change may occur by
changing from low- to high-intensity phonation (as in sing-
ing), which was observed for both recorded voices in this
experiment. Level changes, and peak amplitude changes in
particular, may occur by changing vocal tract shape for dif-
fering vowels or styles of vocalization, changing phonation
type, or introducing consonants (as in running speech). It
should be recognized that the SPLs of the stimulus sounds in
this experiment were chosen so as to be similar to those of
the corresponding live voice, at the same distance as the
loudspeaker. In typical music applications such as headphone
listening or concerts, voices will often be played at a higher

level, and thus the HFE content may be perceived differently.
Furthermore, while head position was not controlled in this
study, it is likely that simply turning one’s ear toward the
voice source will affect the audibility of the HFE.

D. Discussion

It is instructive to compare these results to those obtained
from previous experiments using non-speech stimuli. Guna-
wan and Sen22 reported DLs for five human subjects detect-
ing HFE spectral level changes in clarinet, trumpet, and viola
spectra. Stimuli were 1.5 s in duration and were presented
monaurally over headphones at a level of approximately 65
dB. Mean DLs reported for attenuating a band centered at 8
kHz with comparable bandwidth to that used in this study
were approximately 3, 14, and 17 dB for clarinet, trumpet,
and viola, respectively. While direct comparison is difficult
due to differences in listening environment and stimulus du-
ration, the mean 8-kHz octave DL for the 65-dB stimulus
used in this study (voice 2 soft) was 13.1 dB (for listeners
from whom a DL could be obtained, n" 27). This suggests
that listeners may exhibit greater sensitivity to voice HFE
changes than HFE changes in some musical instruments, at
least for the 8-kHz octave. On the other hand, whereas Guna-
wan and Sen give no report of any issues in obtaining DLs
for the 16-kHz octave from the five listeners in their study,
16-kHz DLs for voice 2 soft could only be obtained from less
than half of the listeners here. It is possible that age may have
had an effect as all of their listeners were between the ages of
20 and 26 years. Even so, means reported by Gunawan and
Sen for the 16-kHz octave were nearly 25 dB for all three
musical instruments, while the mean DL for successful listen-
ers here (n" 14) was 13.9 dB.

Moore et al.21 reported thresholds obtained from three
subjects, detecting the change in level of spectral notches
centered around 8 kHz in a broadband white noise spectrum.
Stimuli were presented monaurally over an insert earphone.
The thresholds they report for a notch with comparable
bandwidth to that used for the 8-kHz octave in this study
were less than 5 dB for all three listeners, suggesting greater
sensitivity to white noise HFE changes than voice HFE
changes. For every voice stimulus in this study, however, at
least one subject achieved a DL of 5 dB or less, and for one
stimulus (voice 2 loud), over 50% of listeners achieved DLs
of 5 dB or less. It is also noted that the three listeners in the
study of Moore et al. were given at least 6 h of practice
before beginning the data collection process.

As a final note, in an attempt to ascertain what percepts
may be affected by HFE changes, participants were asked to
report what was different about the “odd” signal and what
they listened for to perform the task. Several qualitative
descriptors were used to describe the differences in sound,
such as “shrillness,” “roughness,” “thrill,” “sharpness/
softness,” “lighter/darker,” “scratchy,” “free or clear,”
“natural,” “muted,” and “flat.” One trained singer described
a difference in the “fullness of sound” of the voice, while
another described it as a difference in the “ring” of the voice.
Given the results from earlier studies relating HFE to sound
quality (e.g. Ref. 19), these comments were not too
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surprising. What was more intriguing, however, were com-
ments made by some participants (usually with musical
training) that were not necessarily related to qualitative
aspects of the voice. For example, some described the differ-
ence as a pitch change, including one trained singer. A few
trained singers also commented that the vowel sounded dif-
ferent, describing it as “more open or closed.” One trained
musician and singer described it as a “vowel change,” a dif-
ference in “roundness,” and said sometimes it sounded more
or less “nasally.” While anecdotal, these descriptions indi-
cate that HFE may affect percepts other than those related
strictly to quality and naturalness (e.g., intelligibility of vow-
els or perception of sung pitch). They further suggest possi-
ble methods of changing the HFE spectral contour by vocal
tract modification (i.e., opening or closing vowels).

IV. CONCLUSIONS

The current experiment was an exploratory effort to
determine human ability to detect changes in HFE in human
voice, specifically in sustained vowel sounds (i.e., without
fricative consonants and with little aspiration noise). All of
the subjects could detect level changes made to HFE, and
many could detect relatively small changes in HFE, in sam-
ples of isolated sustained vowel sounds. Thus, there is per-
ceptually relevant information in HFE that may be important
for determining the aesthetic of singing voice (see also Refs.
17 and 19). Additionally, we have found large individual dif-
ferences between normal-hearing listeners in their ability to
discriminate HFE differences (see standard deviations
reported in Table II). It follows that, if HFE is indeed part of
sound and voice quality, then one would predict large vari-
ability in listener appreciation of these qualities even among
normal listeners.

The present results justify future efforts to more closely
examine HFE in general, and in applications such as voice
synthesis and vocal tract modeling, where little attention has
been given to a large portion of this frequency range. Special
effort ought to be given to the 8-kHz center-frequency
octave band where listeners appear to be most sensitive to
HFE changes, though it should be noted that more than half
of the subjects could detect changes in the 16-kHz center-
frequency octave band as well. The results reported here also
confirm the need for better characterization of perceptual in-
formation found within the voice spectrum above 5 kHz.
This line of research would potentially lead to improved
analysis and possible training techniques for voice quality,
significant to singers and other professional voice users.
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