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Abstract

It is known that nasal consonants and vowels are more effec-
tive than other phonemes for human speaker recognition. How-
ever, the influence of channel transmissions on the speaker-
discriminative capabilities of phonemes has not yet been ex-
amined. Specifically, the speech bandwidth has a strong ef-
fect on the human speaker recognition performance and also on
the speech intelligibility. The phonemes that permit more ac-
curate human speaker recognition are determined in this study
by means of a speaker verification auditory test, focusing on
the differences in performance when the stimuli are presented
to listeners in narrowband and in wideband. The speech intel-
ligibility is also investigated via an intelligibility test employ-
ing the same speech stimuli. Finally, the possible relationship
between phonemes offering better human speaker recognition
and more intelligible phonemes in the transition to an enhanced
bandwidth is discussed.

Index Terms: human speaker identification, intelligibility,
channel bandwidth

1. Introduction

The task of human speaker recognition is performed in every-
day situations when we associate a voice we hear to a voice
heard before and by some means encoded in memory. Fea-
tures or cues employed by humans to distinguish among speak-
ers as well as causes for performance variability have been in-
vestigated in the last decades. This research benefits forensic
speaker recognition, cochlear implants, and telephony, among
other areas. Different levels of voice pitch, loudness, breathi-
ness, or laryngealisation enable listeners to discriminate among
known talkers [1, 2]. Humans also rely on acoustic correlates of
phoneme articulations to identify speakers [3]. These features
appear to be distinctive of the individuals and are crucial as well
for the task of word recognition.

The degree to which different speech sounds convey
speaker-specific characteristics was investigated in [4, 5, 6] em-
ploying automatic speaker recognition techniques. It was found
that vowels and nasals provide the best discrimination between
speakers, that fricatives contribute to the speaker recognition
performance to a lesser extent, and that stop sounds are less
useful for this task [6]. Regarding human speaker identifica-
tion, the importance of vowel sounds is commonly acknowl-
edged. Front stressed vowels [7] and nasalized vowels [8] have
been found to be particularly useful. The works in [9, 10]
have evinced that nasal sounds facilitate higher human speaker
recognition than other consonants. This is attributable to the
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fact that the resonance cavities shaping nasal sounds differ con-
siderably among speakers [11].

It is assumed that human speaker recognition and speech in-
telligibility are closely interrelated, as both are performed from
linguistic cues. An in-depth review of this is given in [12] from
a psychological point of view. The human capability to rec-
ognize speech has often been evaluated with different intelli-
gibility tests. For instance, the rhyme tests, typically used in
the 1980s, have been criticised for providing results biased to-
wards more frequent words in a language. This difficulty is
overcome with the CLuster IDentification test (CLID), which
involves monosyllabic words generated according to the phono-
tactic relations and constraints in a language [13].

Background noise is considered one of the main factors af-
fecting speech intelligibility of logatomes (nonsense syllables
in the form vowel-consonant-vowel (VCV) or CVC) and of CV
syllables [14, 15, 16]. Other intelligibility tests have examined
the effects of speech bandwidth. It was found in [17] that the
acoustic cues in the high-frequency regions (above 4 kHz) were
redundant with those in the mid-frequency regions (0.8—4 kHz),
employing CVC logatomes. The results in [18] indicated that
the frequencies around 1,370 Hz and 2,500 Hz contributed to
speech intelligibility (from sentences and from phonetically bal-
anced words) more than other examined bands (up to 9,500 Hz).
The intelligibility of VCV and CV segments decreased around
5% when comparing a headphone condition (clean channel) and
a handset condition (telephone channel). The same conditions
were also considered in [19], employing meaningful utterances.
Only marginal effects of bandwidth reduction on initial and fi-
nal consonant intelligibility were reported.

Despite the current rapid deployment of digital commu-
nications, the effects of different telephone transmissions on
intelligibility have not been investigated much. Wideband
channels (WB, 50-7,000 Hz) enable higher transmitted sig-
nal quality [20] and better human speaker identification per-
formance [21] in comparison to the traditional and still pre-
dominant narrowband (NB, 300-3,400 Hz). It is commonly ac-
knowledged that the low frequencies incorporated contribute to
increased naturalness, presence, and comfort, whereas the high
frequency extension facilitates fricative differentiation [22].
However, no formal intelligibility test that evinces this last fact
is known to the authors.

The present work takes a close look into the correspon-
dences between intelligible phonemes and phonemes enabling
better speaker recognition when moving from NB to WB. In
other words, it examines whether better phoneme detection en-
abled by speech of greater bandwidth leads to higher speaker
recognition rates for certain phonemes or phoneme classes.
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To this end, both a human speaker recognition test (speaker
verification auditory test) and an intelligibility test were con-
ducted employing the same audio material transmitted through
NB and through WB channels. In order to study the ef-
fects of only certain phonemes as isolated as possible, VCV
logatomes were employed as stimuli. A relatively old investiga-
tion [23] compared word intelligibility and speaker recognition
over two real military communication channels, with a low-pass
filter at 3 kHz, and in laboratory conditions. It was speculated
that the channel impairments affecting intelligibility did not al-
ways affect human speaker recognition. In contradistinction,
this paper examines the effects of NB and WB channels, com-
monly used in telephony nowadays, and focusing on phoneme
differences.

2. Audio Preparation

Logatomes were employed as stimuli in the form VCV in order
to study the effects of varying the vowel or the consonant sound
only. Although it would have been desirable to conduct auditory
tests with meaningful well-known words, it was not possible
to find or to create a dataset of monosyllabic words differing
in only one phoneme and not including different consonants or
different vowels in one sample.

The Oldenburg Logatome Corpus (OLLO) [16] contains
logatomes suitable for this study and was recorded in sound-
insulated audiometry rooms (reverberation time ~ 0.25s) with
a studio-quality condenser microphone. These data were origi-
nally intended for speech intelligibility studies under the effects
of masking noise [16]. Because the speech data in this dataset is
clean, unprocessed, and with a sample frequency of 16 kHz, it
was possible to transmit the speech through NB and WB com-
munication channels. The different types of distortions applied
to the signals could then be controlled in this manner.

The consonants selected for this study were:

e The fricatives /f/, /s/, /v/, and /[/
* The nasals /m/ and /n/
* The stop sounds /b/ and /p/

These eight consonants were embedded in the syllables /afa/,
/asa/, /ava/, /afa/, /ama/, /ana/, /aba/, and /apa/ (in Ger-
man: affa, assa, awwa, ascha, amma, anna, abba, and appa),
and the stop consonant /p/ was also embedded in the four syl-
lables /epa/, /1pi/, /opo/, and /vpu/ (in German: eppe, ippi,
oppo, and uppu). These twelve logatomes were selected from
the OLLO set of ten German speakers (five males and five fe-
males) of standard High German dialect.

The transmission channels studied were a NB channel
with the codec AMR-NB operating at 4.75 kbit/s and a WB
channel with the codec G.722 at 64 kbit/s. The process for
speech distortion was applied as follows. First, the speech was
level-equalised 26 dB below the overload of the digital system
(-26 dBov), a characteristic level of telephone channels, using
the voltmeter algorithm of the International Telecommunication
Union (ITU-T) Recommendation P.56. For the NB channel, the
signal was downsampled to 8 kHz via an anti-aliasing low-pass
FIR filter and then band-passed according to the ITU-T Recom-
mendation G.712 standard implementation. This filter has a flat
band-pass response over 300-3,400 Hz approximately. Then,
the AMR-NB codec was simulated by employing the tools pro-
vided by the European Telecommunications Standards Institute
(ETSI), specified in ETSI EN 301 704. Finally, the coded-
decoded speech was again level-equalised to -26 dBov.
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For the WB channel, the original signals, sampled at
16 kHz, were level-equalised to -26 dBov and then band-
pass-filtered complying with ITU-T Recommendation P.341.
The response frequency of this filter is flat in the range 50—
7,000 Hz, approximately. Next, the G.722 encoding and de-
coding processes were simulated by using standard ITU tools.
After applying the codec, the signals were again level-equalised
to -26 dBov.

3. Human Speaker Recognition from
Logatomes

A listening test was conducted to evaluate the human speaker
recognition performance from speech of different phonetic con-
tent in different bandwidths. The goals were to ascertain which
phonemes are effective for speaker recognition in NB and in
WB, to determine the improvement in performance gained
when moving to the enhanced bandwidth for each phoneme,
and to relate the obtained results to human speech intelligibility
rates with the same speech material (Section 4).

Because it was assumed that the potential listeners in the lis-
tening test do not know the voices of the speakers of the OLLO
database (i.e. they were unfamiliar), a human speaker verifica-
tion scheme was adopted in this experiment. Two stimuli were
presented to the listener, who was then asked to decide whether
they corresponded to the same person or not. The logatome
and the speaker gender in both stimuli were the same, vary-
ing only among verification trials. Different speakers tended to
utter the logatomes with slightly different prosody. To avoid
listeners’ decisions guided by the same or the different prosody
of the two stimuli rather than by relevant speaker-specific infor-
mation, stimuli with different intonation were always presented.
The first stimulus of each trial was uttered in normal speaking
style and the second in question speaking style.

In the listening test, stimuli in the verification trials were
either NB-NB (no mismatch, narrowband), WB-WB (no mis-
match, wideband), or WB-NB (bandwidth mismatch). It can
be expected that detecting the same speaker in two segments is
more difficult for the WB-NB trials, as fewer speaker-specific
characteristics may be preserved under bandwidth mismatch
compared to the no mismatch situations. The same number
of true trials (same speaker in both stimuli) and of false trials
(different speakers in each stimulus) with balance in speaker
gender were presented in different random order to each lis-
tener. In all, 288 trials were included in each test, resulting from
twelve logatomes, three conditions, and eight trials (four true
and four false).

30 listeners (16 males and 14 females) with German as their
mother tongue took part in the listening test. Their age ranged
from 20 to 35 years, with a mean of 27.0 years. Each of them
participated in the listening test session individually. A simple
program for presenting the trials and for logging the listeners’
answers was written in Java. The listeners were instructed to
click on a first and then on a second loudspeaker button to listen
to each stimulus, and then on an equal button if they decided
that the voices heard corresponded to the same person or on an
unequal button otherwise. No time constraints were imposed,
yet they could listen to each stimulus only once.

Each test session took 35 min approximately, including
three breaks to avoid fatigue and loss of focus. The sessions
were held in a quiet room and the test administered with a com-
puter with a high-quality soundcard and Shure SRH240 head-
phones (frequency range 20-20,000 Hz) with diotic listening.
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Figure 1: Human speaker recognition performance and 95%
confidence intervals for each logatome considering only true
trials. No statistical differences between NB-NB and WB-WB
stimuli have been found.

The rates of correct acceptances (correct responses when
the speaker was the same) and of correct rejections (correct re-
sponses when the speakers were different) are shown in Fig-
ures 1 and 2, respectively. The McNemar’s statistical test was
conducted to evaluate the significance of the differences be-
tween NB-NB and WB-WB accuracies. It can be observed
that NB-NB stimuli generally led to high rates of correct accep-
tances but to low rates of correct rejections, which indicates that
most of the voices sound similar to the listeners in NB, that is,
the speaker-related properties of the voices are less noticeable.
The WB-NB stimuli permitted high correct rejections and low
correct acceptances, revealing that most of the voices, also those
in same-speaker trials, were found to be different by the partic-
ipants, which was caused by the bandwidth mismatch. The cor-
rect rejection rates with WB-WB stimuli were lower than with
WB-NB stimuli except for the logatome /ama/.

The correct acceptance rates with WB-WB were generally
lower than with NB-NB except for the logatomes /afa/, /asa/,
and /afa/. This fact evinces that the information conveyed by
the unvoiced fricatives /f/, /s/, and /[/ to determine whether
two speakers are the same is enhanced when switching from NB
to WB to a greater extent than for the other phonemes tested.

The differences between the NB-NB and WB-WB accura-
cies were better manifested in the case of false trials, where it
was easier for the listeners to detect the differences between
two voices with WB-WB than with NB-NB trials. The higher
correct rejections permitted in WB compared to NB were sig-
nificant (p < 0.001) for /afa/, /ava/, and /ama/. The stop
sounds in /aba/, /1pi/, /opo/ also offered significantly better
performance in WB compared to NB, yet their accuracy in WB
was statistically the same as chance level (50%). A low rate
of correct rejections reflects that the tested logatome contains
speaker properties shared by more speakers, i.e. it is not use-
ful to distinguish between speakers. The correct rejections rates
in NB fell significantly below chance level for /aba/, /apa/,
/epa/, /1pi/, /opo/, /upu/, and significantly above chance level
for /ava/ and /ama/ in WB.

The nasals in /ama/ and /ana/ offered among the high-
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Figure 2: Human speaker recognition performance and 95%
confidence intervals for each logatome considering only false
trials. Significant statistical differences between NB-NB and
WB-WB stimuli with p < 0.001 are indicated with (*) for the
corresponding logatomes.

est correct rejection rates in NB and in WB. This confirms
the importance of nasal phonemes for speaker recognition as
also assessed in [9]. Besides, the bandwidth extension caused
significant difference in accuracies for the fricatives /afa/ and
/ava/, which were not as effective as nasals in NB. Nasals and
fricatives are known to possess speaker-specific properties, at-
tributable to their articulatory and acoustic properties and rela-
tively fixed nasal and paranasal cavities of the talkers [24, 11].
Nevertheless, while these properties are more distributed in the
spectrum in the case of nasals, effective for speaker recognition
in both bandwidths, the speaker-specific information carried by
fricatives is concentrated on the higher frequencies. Hence, the
transmission of fricatives through an extended bandwidth (WB)
implies a significant improvement over NB in correct rejection
rates, to a greater extent than for nasals. Stop sounds resulted to
be less useful for speaker discrimination, in concordance with
other results in the literature [9, 6].

4. Intelligibility from Logatomes

A speech intelligibility test was conducted with the same speech
material described in Section 2 to find differences between NB
and WB in the detection of particular phonemes, to quantify the
possible improvement of intelligibility with WB communica-
tions over NB, and to relate this to the human speaker recogni-
tion results of Section 3.

The total of stimuli heard by each listener was 192, re-
sulting from twelve logatomes, two channel conditions, and
eight repetitions from different speakers (randomly selected
from the OLLO set of ten speakers with gender balance). The
detection of consonants by humans is a relatively easy task in
the absence of noise. In order to avoid accuracies close to 100%,
which would not show differences among the phonemes or be-
tween the bandwidths, the question speaking style was selected
for the logatomes. This speaking style may offer intelligibility
rates somewhat lower than those for normal style [16].

The same group of 30 listeners of the speaker verifica-
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Figure 3: Accuracies and 95% confidence intervals detecting
logatomes in NB and in WB. Significant statistical differences
between NB and WB stimuli with p < 0.001 are indicated with
(*) for the corresponding logatomes.

tion test participated in the intelligibility test, on the same day,
and employing the same computer and headphones in the same
room. Their task was to choose a logatome by clicking on
one item from a list of logatomes after listening to each trans-
mitted stimulus. The different options were presented on the
computer screen. The test took about 12 min to complete, in-
cluding one break.

The average accuracy reached by the group of listeners was
92.80% with a standard deviation of 25.85%. Figure 3 presents
the accuracies in NB and in WB for each logatome. Despite
the high and almost saturated accuracy, caused by the relatively
non-severe distortions of the stimuli, significant differences be-
tween the two bandwidths could be obtained. The McNemar’s
test indicated that the difference between the NB and the WB
accuracies is statistically significant (p < 0.001) for /afa/, for
/asa/, and considering all logatomes pooled. The intelligibility
accuracy was improved from NB to WB in every case, except
for the logatome /upu/. 22 out of 30 listeners reported they
had had difficulties distinguishing between /opo/ and /upu/
because of the ambiguous realisations of some speakers, which
were perceived as /opu/.

The work in [17], employing CVC logatomes, showed the
recognition accuracy of different consonants employing high-
pass filters with increasing cut-off frequencies. The accuracy
detecting /s/ and /f/ decreased only with a cut-off frequency
above 8 kHz and 10 kHz, respectively. Other fricatives and af-
fricates such as /6,[,tf,d3/, with frication energy concentrated
in lower frequencies, offered an earlier drop in detection per-
formance, when they were high-pass filtered at 4 kHz. Stop
sounds such as /p/ and /b/ were less affected by the high-pass
filtering. In the experiments of this section, the relevance of the
higher frequencies for the recognition of /f/ and /s/, not man-
ifested for other phonemes tested, is confirmed. The inclusion
of the high frequencies 3.4—7 kHz in the speech bandwidth en-
ables a significantly better discrimination between /f/ and /s/.
The range 50-300 Hz is also included in WB with respect to
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NB, although this low frequency range presumably offers little
benefit in comparison to the high frequencies.

The greatest confusion between logatomes was found in NB
between /afa/ and /asa/ reciprocally, /s/ being better detected
than /f/. When switching to the enhanced bandwidth, the to-
tal number of errors with each of these logatomes was reduced
from 82 in NB to 13 in WB, out of 240 logatome presentations
in each bandwidth. This error reduction is of approximately fac-
tor 6. The decrease of confusions was hypothesised, since /s/
and /f/ have similar spectral characteristics in NB but different
in WB. Most of the spectral energy of /s/ is concentrated in the
higher frequency range incorporated by WB whereas the energy
in the /f/ spectrum is more uniformly distributed. A more de-
tailed analysis of the intelligibility results can be found in [25].

5. Relation Between Speaker Recognition
and Intelligibility in NB and in WB

The main purpose of this study was to investigate the possi-
ble relations between intelligible phonemes and phonemes en-
abling better speaker recognition in the transition from NB to
WB. By employing logatomes as speech material and simulated
telephone channel transmissions, the attention is focused on the
effects of different phonemes rather than on overall word in-
telligibility rates. Both human speaker recognition and speech
intelligibility were improved when moving from NB to WB.
Our results indicate that the fricative /f/, significantly better de-
tected in WB speech compared to NB (p < 0.001), also permits
significantly better speaker recognition performance in the ex-
tended bandwidth (p < 0.001).

A weaker relation between speaker recognition and intel-
ligibility scores was found for the rest of logatomes. Other
phonemes also contributed to improved speaker recognition in
WB: the nasals /m/ and /n/, and the fricative /v/, although for
these phonemes no significant differences in speech intelligibil-
ity were found between the two bandwidths.

6. Conclusions

Two listening tests have been performed employing VCV
logatomes previously transmitted through NB and WB chan-
nels. The first test examined the human speaker recognition
performance in terms of correct acceptances and correct rejec-
tions, and the second one the intelligibility accuracy. Our main
conclusion is that the speaker-discriminative potential of some
fricative sounds is manifested in WB, where /f/ and /s/ are
more intelligible.

The fricative sounds in /afa/, /afa/, and /ava/, with energy
concentrated in the upper part of the spectrum, carry important
speaker-specific information that allows higher human speaker
verification performance in WB compared to NB. The differ-
ences in performance between both bandwidths are greater than
those caused by other phonemes such as the nasal sounds /m/
and /n/, which also convey speaker properties yet are more
widely distributed in the spectrum. Regarding human speech
intelligibility, the logatomes /afa/ and /asa/ are significantly
more intelligible in WB than in NB. /afa/ is six times more
confusable with /asa/ in NB compared to WB, due to the simi-
larities of the NB spectra of the fricatives /f/ and /s/.

Future work will examine phoneme intelligibility by per-
forming other tests, such as the CLID test. The effect of vari-
ous transmission conditions will be investigated, incorporating
super-wideband channels (50-14,000 Hz), which are currently
preferred for HD video-conferencing applications.
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