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Perceptual significance of the center frequency 
of singer's formant 
Gunilla Berndtsson and Johan Sundberg 

Abstract 
The singer's formant has been found to be an important acoustic characteristic of 
professional operatic altos, tenors, baritones and basses, while it seems unclear whether or 
not sopranos possess it. According to Dmitriev & Kiselev (1 979) the JFequencies of the "high 
singing formant" increases @om lower voices to higher voices. By means of a listening test 
with synthesised vowel stimuli we examined how important the center JFequency of the 
singer's formant is to voice classijication. The results showed that it clearly influenced voice 
classijication. In another listening test with synthesised vowel stimuli we examined if a 
singer's formant belongs to the typical characteristics of a soprano voice. The results showed 
that increasing the center JFequency of the singer's formant up to 3.4 kHz increased the 
perceived quality of the soprano synthesis. For the stimulus containing the highest pitches, a 
synthesis lacking a singer's formant was preferred, while for other stimuli the results were 
less clear. The frequency relationships between the lower formants and the spectrum partials, 
especially for theJirst and last tone of a scale, also seem to be relevant for the quality rating 
of the soprano synthesis. 

Introduction 
In opera singers' voices a spectrum envelope peak typically appears in the vicinity of 3 
kHz. This peak, generally referred to as the "singer's formant," "singing formant" or 
"ring" (Vennard, 1967)' has attracted many researchers' interest over the years. 
Bartholomew (1934), observed it in good singers' voices and regarded it as an 
important acoustic characteristic of Western professional singing. He called it the 
"high formant" or the "2800," as it appeared near this frequency in tenor and baritone 
voices. For female voices, Bartholomew observed it at higher frequencies, "perhaps 
around 3200 Hz." 

Acoustically the singer's formant can be explained as a cluster of formants rather 
than as a single formant. Bartholomew assumed that it was associated with a deep 
pharynx and according to Sundberg (1974, 1987) it can be produced by means of a 
special shape of the pharynx and the larynx. Its perceptual significance seems to be 
that it enables the singer's voice to be heard over a loud orchestral accompaniment 
(Sundberg, 1977). 

Voice classification is a crucial and often difficult task of singing teachers; a 
mistake causes the singer to sing in a pitch range that is inappropriate to herhis vocal 
folds and vocal tract and may lead to lack of success and even voice problems. The 
singer's formant seems relevant to voice classification. According to Cleveland (1977), 
voice classification is influenced by two factors, pitch and formant frequencies. With 
respect to pitch the relation was simple: the higher the pitch, the higher the range is 
assumed to be. With respect to formants he found that the mean value of the four 
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lowest formants correlated with the voice classifications bass, baritone, and tenor: the 
lower the mean value, the lower the voice category. 

The center frequency of the singer's formant, henceforth SFcf, seems relevant to this 
dependence. Dmitriev & Kiselev (1979) found a major peak in the range 2.3 - 3.5 kHz 
in "integral spectra" of 20 Russian opera singers' voices. The peak was found to vary 
systematically with voice categorisation, low pitched voices showing the lowest 
frequencies, see Fig. 1 .  It seems reasonable to assume that this peak corresponds to the 
singer's formant, at least in some cases. Later, Seidner et al. (1985) made similar 
observations in a study of spectra of sustained vowels as produced by five outstanding 
professional singers: "The high singing formant has its maximum at higher frequencies 
in high voices and at lower frequencies in lower voices, but, there are not strict 
correlations between the main frequencies of the singing formants and certain voice 
types." 

Dmitriev & Kiselev also measured the vocal tract lengths from X-ray profiles of 
their Russian opera singers. They found that vocal tract length varied systematically 
with singer category so that singers with low-pitched voices had the longest vocal 
tracts and singers with high-pitched voices the shortest vocal tracts. 

Fig. 1. Relationship between the high singing formants and the dimensions 
of the buccopharyngeal tracts (Dmitriev & Kiselev, 1979) 
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The relevance of the singer's formant to the soprano and mezzo-soprano timbre is 
unclear. Bartholomew (1934) found that coloratura voices sometimes have practically 
no high formant at all, and that there is a marked tendency, in women voices, for the 
high formant to drop out at some point, as the pitch rises. On the other hand, Dmitriev 
& Kiselev found a high peak in soprano and mezzo-soprano voices, but unfortunately 
they gave no indication neither regarding their method of measurement, nor regarding 
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the prominence of the peak as compared to male voices. A peak in the high frequency 
range of a long-term average spectrum (LTAS) does not necessarily imply the presence 
of a singer's formant. Seidner et al. (1985) found that the relative intensity of their 
soprano's "singer's formant" was lower than those of the bass, the baritone, the tenor 
and the alto. In addition, it had a different shape, being higher and wider as compared 
to that of the alto, and also it was split into two peaks, one in the range 2.5 - 3.2 kHz 
and another between 3.3 and 4.3 kHz. It does not seem obvious that these peaks should 
be considered a singer's formant; it is unclear if each peak contains one single formant, 
as in nonsinger voices, or if one of the peaks consists of two formants. 

Bloothoft & Plomp (1986) analysed the sound level in two 113 octave bands, one for 
female singers centered at 3.16 H z ,  and one for male singers centered at 2.5 kHz. 
They found that altos and male singers had higher sound levels in these frequency 
bands than (mezzo)sopranos, the level difference exceeding 20 dB in certain cases. 
This difference caused them to conclude that some soprano singers do not have a 
singer's formant. 

Summarising, some perceptual aspects of the singer's formant remain unclear. First, 
the center frequency of the singer's formant seems to vary between voice categories, 
but its significance to voice classification has not been demonstrated. Second, it seems 
unclear if the singer's formant belongs to the typical characteristics of soprano voices. 
Both these questions were approached by evaluating the perceptual effects of 
transposing a male singer's formant to higher frequencies. In Experiment I we studied 
the relevance of SFcf to voice classification. In Experiment I1 we investigated whether 
a singer's formant comparable to that of male singers belongs to the characteristics of a 
soprano voice. 

Experiment I: Effect of singer's formant on voice 
classification 
The significance of SFcf to voice classification was investigated by means of a listening 
experiment using synthesised stimuli. The strategy was to present stimuli with a 
systematically varied SFcf to a panel of voice experts. The synthesis was derived from 
the singing machine MUSSE DIG, a formant-based synthesiser developed in our 
department (Carlsson et al., 1991). Formant frequencies typical for the vowel [a] as 
sung by a baritone were transposed up and down in frequency to create the syntheses. 
While the first two formants, F1 and F2, were kept at 610 Hz and 1050 Hz in all 
stimuli, F3, F4, and F5 were varied as shown in Table 1. Thus, F4 was 2.4 kHz, 2.6 
kHz, 2.8 kHz, or 3.2 kHz, F3 was 200 Hz below and F5 was 300 Hz above F4. 

Table 1. Frequencies offormants F3-F5 (kHz) used for Experiment I ,  
and corresponding start pitches for the stimulus triads 

F3 
2.2 
2.4 
2.6 
3 .O 

F4 
2.4 
2.6 
2.8 
3.2 

F5 
2.7 
2.9 
3.1 
3.5 

Start pitches for triads 
A3 + D4 
A, + D4 + G4 

D4 + G4 + C5 

(34 + C5 
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VOICE CLASSIFICATION TEST 

[bassll I I I I 
2.25 2.45 2.65 2.85 3.05 3.25 3.45 

CENTER FREQUENCY OF SINGERS FORMANT (kHz) 

Fig. 2. Voice classification due to the center frequency of singer's formant (kHz,, Descending 
triads starting on four dzferent pitches were combined with four dzferent locations of a 
transposed singer's formant and used to create the synthesised stimuli. 

Experiment 11: Effect of a male singer's formant on 
soprano timbre 
The question of whether a singer's formant belongs to the natural characteristics of a 
soprano voice was studied in Experiment 11. A listening test was carried out in which 
an expert panel rated the naturalness of synthesised soprano singing. The stimuli were 
prepared using the same MUSSE DIG singing synthesiser as in Experiment I (Carlsson 
et al., 1991). The basic idea was to copy a singer's formant from a professional bari- 
tone and to transpose it to higher frequencies. The formant values are shown in Table 
2. A constant relationship between the higher formants was used: F4 = 1.19*F3, and 
F5 = 1.23*F3 and the F3 frequencies were chosen such that SFcf became 2.8, 3.0, 3.2 
or 3.4 kHz. The first and second formants were held constant; F 1 was set to 900 Hz so 
that it was higher than the highest hndamental frequency (880 Hz, A,). 

Table 2. Formant frequencies (Hz) for the synthesised voices. The first column contains the 
center frequency of singer's formant for the voices with transposed singer's formant. In the 
last row the formant frequencies of the synthesis with F3-F5 measured from a professional 
soprano are listed. 

SFcf(&) 

2800 
3000 
3200 
3400 
------ 

99 

F1 (Hz) 

900 
900 
900 
900 
900 

F2 (Hz) 

1140 
1140 
1140 
1140 
1140 

F3 (Hz) 

2478 
2654 
283 1 
3008 
2900 

F4 (HZ) 

2949 
3159 
3369 
3580 
3600 

F5 (Hz) 

3047 
3264 
3482 
3699 
4700 
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If the singer's formant does not belong to the characteristics of real soprano voices, 
all stimuli in the present experiment would sound rather unnatural. It therefore seemed 
essential to include a stimulus that replicated the higher formant frequencies of a real 
soprano and, thus, could be assumed to sound as natural as possible within the experi- 
mental limitations. Hence, a set of stimuli was prepared using the higher formant 
frequencies observed in the voice of a real soprano of world fame. In this synthesis the 
spacing of the higher formants was considerably wider than in the other stimuli: F4 = 

1.24*F3, F5 = 1.62*F3, while F l ,  F2 and all other stimulus characteristics were the 
same as for the other stimuli. 

These formant frequency patterns were used in three descending chromatic, one 
octave-wide scales starting from AS, F5, and The resulting frequency relations 
between the two lowest formants and the first partials of the start and end tones are 
shown in Figure 3. Note that a partial appeared in the vicinity of either F l  or F2 for 
both the start and the end tones of the A and C# scales. 

0 200 400 600 800 1000 1200 1400 1600 1800 

Frequency (Hz) 

0 Start tone partials F 1 F2 

Fig. 3. The jrst partials of the end tones: A& F4, and C#& are marked with diamond shapes 
and the jrst partials of the start tones: A ,  F,, and C#,, are marked with ellipses round some 
of the diamond shapes. The formantfiequencies for F1 and F2 are marked as vertical lines. 

A Partials , 0 

F Partials , t 

C# Partials , t 0 t 

C 

The combination of formant frequencies and scales yielded a total of 15 stimulus 
scales, all of which were recorded on DAT tape (SONY). As each stimulus occurred 3 
times in the tape, the test contained a total of 45 tokens. The 15 stimuli were first 
presented in random order on the tape to assure that the listeners heard all the stimuli 
early in the test. Thereafter followed the two repetitions of each stimulus in random 
order, although cases of immediate repetition of the same stimulus were eliminated. 
Each scale took 10 s and a 3 s pause separated adjacent tokens. The total listening time 
was 10 min. 

Ten singers from the Stockholm Philharmonic Choir served as a panel. All of them 
had been members of the choir for at least two years. They were asked to show, by 

t 

0 

+ 0 

t 
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marks on 100 mm-long lines, how similar to a real soprano they found each stimulus to 
be. The left and the right endpoints of the lines represented the alternatives "Extremely 
poor" and "Extremely realistic." The number of mm from the left endpoints to the 
marks were measured and mean values across listeners were calculated for each 
stimulus. Before the real test started, some examples were presented to the listeners to 
accustom them to the synthesised singing. 

Results 
Some examples were judged radically different by different listeners. The largest 
interjudge difference was observed for a SFcf at 3.0 kHz on the scale starting on AS, 
where one listener judged the voice to have a naturalness of 68 mm, and another 
judged it to be no more than 6 mm. The mean value over all examples for the different 
listeners ranged between 45 mm and 23 mm implying that some listeners had higher 
demands on naturalness than others. Each listener's mean variance across stimuli 
varied between 537 mm2 and 75 mm2; the mean variance across subjects was 224 
mm2. There was no traceable training effect. 

The subjects' ratings of individual stimuli ranged from 1 to 96 mm. The highest 
intersubject means, 62 and 60 mm, were observed for the highest SFcf, and for the 
synthesis of the real soprano, respectively. The mean naturalness ratings gradually 
increased with increasing SFcf, as reflected by Fig. 4. The correlation between SFcf and 

0 0  I I 

Center Center Center Center Professional 
frequency frequency frequency frequency soprano 
2.8 kHz 3.0 kHz 3.2 kHz 3.4 kHz synthesis 

Fig. 4. Ratings of the natural quality of soprano synthesis. Three octave-wide chromatic 
scales, starting on A5, F5 and C#5, were combined with four dzflerent synthesised voices. The 
voices were made using a transposed male singing formant, resulting in dzgerent SF# One 
voice was synthesised with formantfiequencies measuredfiom a professional soprano. In this 
case the ratings of the A and C# scales received almost the same value. 

the rating was positive ( ~ 0 . 5 6 ) .  There was also a clear, though unsystematic influence 
of pitch; the scales starting on A5 and C#I5 received significantly (pC0.05) higher 
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ratings than the scale starting on the intermediate pitch of F5. Thus, there was no 
correlation between pitch and rating. 

The mean ratings across scales for the stimuli with the highest SFcf did not differ 
substantially from those obtained for the stimulus in which the higher formants of a 
real soprano were used. On the other hand, the pitch was relevant; on the scale starting 
from the highest pitch (A5), the naturalness of the real professional soprano synthesis 
was rated significantly higher than the synthesis with the highest SFcf(p<0.05). 

Discussion 
This article describes two experiments concerned with the perceptual significance of 
the SFcr In Experiment I, we asked what effect it had on the classification of voices 
into the bass, baritone, tenor, and alto categories. In Experiment 11, the question was 
whether or not the singer's formant belongs to the typical timbral characteristics of 
soprano voices. The results of both experiments showed a perceptual relevance of this 
spectrum characteristic. 

Experiment I tested the perceptual significance of the frequency location of the 
singer's formant. The results showed that singer classification was influenced not only 
by pitch, as demonstrated earlier, but also by the SFcf, so that higher values of the SFcf 
tended to be associated with higher voice categories. However, while our results 
agreed almost perfectly with those of Dmitriev & Kiselev (1979) for the male voice 
categories, there was no exact agreement for the female voice categories. The Dmitriev 
& Kiselev study did not include altos, while our study in Experiment I did not include 
sopranos, so direct comparison is impossible. However, for soprano voices their "high 
singing formant" seems to occur at rather low frequencies as compared with our 
results. 

The exact shape of the singer's formant was slightly different in the two 
experiments. In Experiment 11, we used constant ratios between F3, F4 and F5, while 
in Experiment I, a constant frequency difference was used. This implied a slight 
difference in the spectrum envelope, amounting to a few dB only. In addition, F3 and 
F4 were closer than F4 and F5 in Experiment I, while in Experiment 11, F4 and F5 
were closer. Both these cases can be observed in real voices. 

In Experiment 11, we asked the question: Do sopranos have a singer's formant in the 
same sense as male singers? Our panel found the soprano synthesis to gradually 
improve as the SFcf was increased up to 3.4 kHz. This implies that if sopranos have a 
singer's formant the SFcf should be higher than previously expected. 

Bloothooft & Plomp (1986) looked for a singer's formant in soprano voices in a 
third-octave band which was centered at 3.16 kHz. They found the levels to be lower 
than for male voices, which apparently implied that if sopranos have a singer's 
formant, it is at least weaker than in male voices. However, the existence of part of a 
singer's formant outside the frequency bands analysed by these authors cannot be 
excluded. 

The peak near 3 kHz, which Dmitriev & Kiselev (1979) found in soprano voices, is 
apparently in accordance with the hypothesis that soprano voices possess a singer's 





STL-QPSR 41 1994 

relevant to the voice quality (Sundberg, 1987). At least, the first and last tokens in a 
stimulus sequence often tend to possess a special perceptual prominence. More experi- 
ments with synthesised singing are needed to clarifl this issue. 

Conclusions 
The center frequency of the singer's formant clearly influenced the categorisation of 
synthesised voices into bass, baritone, tenor, and alto voice categories. This shows that 
the findings of Dmitriev & Kiselev (1979) that the frequency location of the high 
singing formant varies between singer classifications, is perceptually important. 

The center frequency of the singer's formant was found to be relevant also to the 
naturalness of soprano synthesis. The synthesis quality grew as this fiequency was 
increased up to 3.4 H z .  For the most high-pitched scale, a soprano synthesis without a 
singer's formant was preferred. The results also suggested that, particularly at the first 
and last tone of a scale, the frequency relationships between spectrum partials and F1 
and F2 represent an important aspect of the quality of soprano synthesis. 
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