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Abstr act

O all the elenents that affect the intelligibility of speech in
t el ephony, bandwi dth has been shown to be one of the nost
critical. This paper discusses the relation between bandw dth
and intelligibility in speech, how i nproved bandw dth can
conpensate for other deficiencies such as noi se and
reverberation, and how the inportance of w der audio bandwidth is
becom ng increasingly recogni zed in contenporary speech

communi cati on systens.

| nt roducti on

Sone progress has been nmade in alleviating tel ephony's
deficiencies in the years since the first transcontinental phone
call in 1915, as many sciences have enabled a better
under st andi ng of the causes and sol utions of these probl ens.
Acoustics, physics, chem stry, and el ectronics enabl ed maj or
advances in the design of the tel ephone instrunment, with new
desi gns for nout hpi ece and eabpiece al one producing a 10dB
frequency i nprovenent by 19404 Simlar inprovenents brought

cl oser control to the gain of these elenents (early experinents
required the talker to tap the carbon m crophone to | oosen the
granules inside). As the tel ephone evol ved, anti sidetone
circuits were added so the tal ker could better judge his own

| oudness. The network added echo suppression, and | ater, digital
echo cancellation, to reduce the far-end echo that becane nore
troubl esone as | ong-di stance calls becane nore routine.

However, in the last sixty years, little progress has been nade
in the amount of audi o bandwi dth that can be carried by the

t el ephone network. Early tel ephone connections were not
intentionally limted, but were constrained by the
characteristics of the transducers and equi pnent then avail abl e.
Intelligibility research was comonly conducted wi th frequencies
extending from4 kHz to 8 kHz and sonetimes beyond, but the

t el ephone network was expected to carry signals only to about 3
kHz into the 1930s, and to about 3.5 kHz with the first multiple-
channel carrier systens. Wth standardization, and the
codification of digital telephony in G 711, the upper frequency
l[imt of the tel ephone network is now commonly accepted to be
about 3.3 kHz at best. The last pre-divestiture Bell PSTN tests
in 1984 showed significant rolloff at 3.2 kHz for short and
medi um conngctions, dropping to 2.7 kHz in |long distance
connections< At the |ow end of the spectrum the tel ephone
network carries frequencies no | ower than 220Hz, and nost
commonly only as far down as 280 or 300 Hz.
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In contrast to this tel ephone performance, we find FMradi o and
tel evi sion spanning 30Hz to 15 kHz, CD audio covering 20 Hz to 20
kHz, professional and audi ophile audio 20 Hz to above 22 kHz, and
AM radi o extending up to 5 kHz. Pol yconis new VTX technol ogy

ext ends busi ness tel ephone audio to 7 kHz on standard anal og
phone lines, and even the desktop tel ephone in I[P systens is
bei ng considered for operation to 7 kHz.

Bandw dth and Intelligibility

Crandall noted in 1917, "It is possible to identify nost words in
a given context wi thout taking note of the vowels...the
consonants are the determ ning factors in...articulation. "B
"Take himto the map" has a very different neaning from"take him
to the mat," and a handyman may waste a lot of time fixing a
"faucet" when the faulty conponent was actually the "soffet."”
Pol e, bole, coal, dole, foal, goal, told, hole, nolt, nold, noel
bold, yo, roll, colt, sole, dolt, sold, toll, bolt, vole, gold,
shoal, and troll all share the sanme vowel sound, only differing
in the consonants with which it is coupled, but the difference
can drastically change the neaning of a sentence. Consonant
sounds have this critical role in nost |anguages, inclhding
French, German, Italian, Polish, Russian, and Japanese® And, of

course, consonants occur frequently in speech. "P'" and "t," one
of the nost conmonly confused pairs, account for over 10 percent
of the phonenes in sinple speech. "F' and "s" are 6.8 percent,
"m' and "n" another 10.3 percent, and so ontl Overall, nore than

hal f of all phonenmes are consonants.

This critical role of consonants in speech presents a serious
chal l enge for the tel ephone network. The reason for this is that
the energy in consonant sounds is carried predomnantly in the

hi gher frequencies, often beyond the tel ephone’'s bandw dth
entirely. Wile nost of the average energy in English speech is
in the vowels, which lie below 3 kHz, the nost critical elenents
of speech, the consonants, |lie above. The difference between "f"
and "s," for exanple, is found entirely in the frequenci es above
3 kHz; indeed, above the 3.3 kHz tel ephone bandw dth entirely.
Note (Figure 1) how the burst of high-frequency sound that

di stinguishes the "s" in "sailing" fromthe "f" in "failing"
occurs between 4 kHz and 14 kHz. \Wen these frequencies are
removed, no cue remains as to what has been said.
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Fig 1. Speech spectra of "sailing" and "failing" at 3.3 kHz and 22kHz

Thi s makes a conventional tel ephone incapable of conveying the
difference between "ny cousin is sailing in college" and "ny
cousin is failing in college" wthout the analysis of additional
contextual information (know ng whether ny cousin sails
frequently, for exanple).

Bandw dt h, Hearing, and the Mechani cs of Voice

Overall, two-thirds of the frequencies in which the human ear is
nost sensitive and 80 percent of the frequencies in which speech
occurs are beyond the capabilities of the public tel ephone
network. The human ear is nost sensitive at 3.3 kHz, just where
t he tel ephone network cuts off. The PAMS (percept ual

anal ysi s/ neasurenent system a standard nethod for neasuring
percei ved quality of speech) rating of 7 kHz épeech can be a ful
point (5 vs. 4) over that of 3.3 kHz speech.

The human voi ce uses different nmechanisns to form consonants as
conpared to vowels. The vibration of the vocal cords, when
unfiltered, is a raw buzzing sound. Vowels are produced by
shaping the frequencies in this buzzing through the vocal tract,
in the sanme manner that the plunbing in a trunpet nellows and
tunes the "bronx cheer"” which the player blows into the
nmout hpi ece. The speech tract concentrates these frequencies in
formants, which are | oose groupi ngs of frequencies occurring at
roughly 400 Hz, 1200 Hz, and 2000 Hz (al t hough formant
frequenci es can vary markedly, going to 3900 Hz and above ﬂ.
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Consonants, by conparison, are nonvoiced clicks, puffs, breaths,
etc. They are created, not fromthe vocal cords, but by

col liding, snapping, and hissing through conbi nati ons of tongue,
cheeks, teeth, and so on. Wiile formants are useful in the

anal ysis of vowel sounds and | ong, voiced sounds, we see that
they have very little to do with those el enments of speech that
carry so nmuch of its information, the consonants.

Intelligibility, Bandw dth, and Fati gue

The nbst comon approaches to neasuring speech accuracy involve
an announcer who reads lists of syllables, words, or sentences to
a group of listeners. The articulation score is the percentage
of these that are correctly recorded by the |isteners.

Articul ation index, word articulation, and syllable articulation
are all nmeasurenents that neasure the degree of accuracy with
which a |istener can determ ne a spoken word.

Measurenents consistently show that the intelligibility of speech
decreases wi th decreasi ng bandwi dth. For single syllables, 3.3
kHz bandw dth yields an accuracy of onlé 75 percent, as opposed
to over 95 percent with 7 kHz bandw dt h=

This loss of intelligibility is conpounded when sounds are
conbined in sentences. A sentence conposed of ten words, each
with 90 percent reliability, has only a 35 percent (0.9
probability of being understood clearly (Figure 2). I n nornma
speech, words cone at a rate of about 120 words per m nute.
Consequently, 3.3 kHz speech produces about 40 anmbiguities per

m nute, where 7 kHz speech will produce fewer than four, or close
to the accuracy of live open-air speech.

Articulation index for groups of words

1.20%
= 100%
=
i.:'-'. # 8% - Single word
Tﬁ 50% 2 Word Groups
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=
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Maximum frequency, kHz
Figure 2: Low bandwi dt h causes | ower accuracy in sentences
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We are not conscious of confusion this frequently because the
brain has sonme ability to conpensate. Wen a sound is not clear,
the brain attenpts to exam ne the context of the sound.

The first analysis is grammatical: of the possibilities, which
ones fit the granmar of the sentence? "I have to tie ny choose"
makes no sense, for exanple, so the word is probably "shoes."

VWhen nmultiple possibilities fit granmatically, the listener then
tries to decide what woul d nake sense in the context of the
nmeeting. Marine biologists may be di scussing a dol phin, for
exanple, while French historians are nore likely to be pondering
a dauphi n.

However, when presented with a continual string of such verbal
puzzl es as the neeting progresses, the listener is distracted.

Pi eces of the conversation are |ost on these nental detours,
trying to deduce what words were used. As this occurs over and
over in a neeting, fatigue increases, while conprehension and

i nteraction drop. The listener has to divert her attention nuch
nmore often to figuring out what words were spoken, instead of
staying with the flow of the conversation. Too nmuch of the
listener's time is spent in unraveling the intended neaning,

i nstead of understanding it.

Addi ti onal Factors Affecting Speech Accuracy

There are additional aspects of business conferencing that
interact with audi o bandw dt h.

Rever berati on

Rever berati on, which conmes fromthe natural reflections occurring
in any room magnifies the degrading effect of |imted bandw dth.
This is an inportant issue in business tel ephony, because group
tel econferences are usually held in nmeeting roons, which are
rever berant spaces. This problemis also magnified as the

tal ker noves farther fromthe m crophone, or when the m crophone
is pointed away fromthe tal ker, because a | arger proportion of
the total received sound is reverberant rather than direct.

Conmpoundi ng the problem reverberance of roons is magnified by
audi o conferencing systens because only one "ear" (the

m crophone) is available to the listener over the tel ephone |ink.
Wth two ears, the brain automatically elimnates nmuch of the
reverberation (through nmechani sns that are not well understood
even today). But in a teleconference, only one channel is
carried, so the brain is unable to provide these dereverberation
functions. The next tinme you are listening to a talker in a
large hall, try closing your eyes, and then block one ear.
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Noti ce how nmuch harder the talker is to understand? This is why
a tal ker may sound cl ear when you are sitting ten feet away, but
muddy and reverberant even through a high-quality m crophone

pl aced in the sane | ocation.

I ncreasing bandwidth is very effective at counteracting this
problem In one test, word accuracy in a reverberant space was
only 52 percent when the avail abl e bandwi dth was 4 kHz;

i ncreasing bandwidth to 7 kHz raised this to 80 percentﬂ

Accent ed Speech

The expansi on of gl obal business has increased the inportance of
accurate tel ephone communi cati on anong tal kers who have different
native | anguages or dialects. Understandi ng accented speech can
be much nore difficult than native speech, both because of the
presence of an accent, and because gramrar, pronunciation, and
even word selection are nmuch different than the |istener expects.
A Korean speaker of English, for exanple, will comonly
substitute "p" for "f" ("faint" becones "paint," "coffee" becones
"copy"). A Turkish speaker may insert extra syllables ("stone"
beconmes "istone"” or "sitone"). Even a speaker in London,
referring to a cigarette container as a "fag packet" (notice al

t he consonants?), may |eave his Anmerican |istener conpletely

per pl exed.

This increases the inportance of the physical paraneters of
speech comuni cation (bandw dth, reverberation, anplitude,
interaction, and noise) because it is no |longer safe to assune
that an unclear word can be deduced fromits grammati cal context.
The backup strategies previously described assune that a shared,
correct grammar was i ntended; when the speaker and |istener have
di fferent backgrounds, this is no longer a reliable assunption.
Hence, the increased accuracy that derives fromincreasing speech
bandwidth is nore critical when speech is accented.

Soft and Wi spered Speech

Anot her variable that affects the relative inportance of the

hi gher frequencies is the use of whispered speech. Wile the

| ong-term average energy at 7 kHz in normal speech is roughly 40
dB bel ow that at 600 Hz, in whispered speech it is alnost flat,
dropping only 10 dB over these three octaves. Hence, in

whi spers, even the vowels are nmuch less intelligible with

t el ephone bandwi dth. A person with a cold, or grow ng hoarse,
w Il have nore difficulty being understood both because they have
proportionately |l ess energy within the tel ephone band, and
because they are probably speaking nore softly.
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Subt el ephoni ¢ Frequenci es

One part of the speech spectrumthat bears nention is in the

| oner frequencies, those below the 300 Hz tel ephone limt. The
fundanmental frequency of the vowels in human speech is around 100
Hz, the frequency at which the vocal cords actually vibrate. The
spectrum of the vowel "0" is shown in Figure 3. It is apparent
that only a fraction of the avail abl e speech energy is present
(yellow) within the tel ephone bandw dt h.

Ll | dB
10000, He

Fig 3: Vowel "o," male speaker

This is interesting because it shows that the tel ephone renoves

i nportant frequencies both above and below its passband. Not
only the higher frequencies, but also the | ower frequencies are
inportant. |In general, the telephone's elimnation of
frequenci es bel ow 250 Hz is responsible for nmuch of the
"unreality" and | oss of confort that we hear in tel ephonic
speech, the sense that the talker is not really present. Tests
have al so shown that there are significant cues in the infrasonic
range (éﬁ to 80 Hz) with consonants such as "p," "b," "k," "t,"
and "d"®=

Cont enporary Speech Communi cati on Systens

The problens resulting fromlimted bandw dth in speech

communi cation are widely recogni zed today. As a result, speech
comuni cation systens with expanded bandwi dth are in expandi ng
use. |In video conferencing, for exanple, audio connections
commonly have a bandwi dth of 7 kHz, and sonetinmes 14 kHz or

hi gher. FMand television carry sound wwth 15 kHz bandwi dth. |IP
tel ephony is nmoving to 7 kHz bandw dth using conpressed and
unconpr essed codec techni ques as described in TI A 920-200, and
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even the cellular tel ephone network is expanding to enable 7 kHz
audio via the G 722. 2 speech codec.

Concl usi on

By extendi ng tel ephone bandwidth to 7 kHz and beyond, it is clear
t hat one can markedly reduce fatigue, inprove concentration, and
increase intelligibility. It is also clear that this inprovenent
is even nore significant in real-world roomsituations, where the
sound is often degraded by reverberation, projector or air

condi tioner noise, accented speech, and other acoustic problens
that are encountered in business tel ephony. Addi tionally,

ext endi ng tel ephone bandw dt h bel ow 300 Hz brings a significant
increase in presence and realism

In his 1938 paper discussing the bandwi dth of the tel ephone
system AT&T's Inglis noted that, "Frequency limtation is
essentially an econom c one, subject to change as conditions
change. "' Here in the twenty-first century, econom cs and

condi tions have changed as Inglis predicted, and nodern tel ephony
is nowin a position to deliver on the prom ses of w der
bandw dt h and cl earer speech.

L A. H. Inglis, “Transmission Features of the New Telephone Sets.” Bell System Technical Journal 17 (1938):
358-380.

2M. B. Carey, H. T. Chen, A. Descloux, J. F. Ingle, and K. I. Park, "1982/83 End Office Connection Study:
Analog Voice and Voiceband Data Transmission Performance Characterization of the Public Switched Network,"
AT&T Bell Laboratories Technical Journal, 63 No. 9 (November 1984).

% |. B. Crandall, “The Composition of Speech,” Phys. Rev. 10 ser. 2 (1917): 75.

4 John Collard, “A Theoretical Study of the Articulation and Intelligibility of a Telephone Circuit,” Electrical
Communication 7 (1929): 174.

® P. B. Denes, “On the Statistics of Spoken English,” The Journal Of the Acoustical Society of America 35 (6)
(1963): 892-904 .

® Anthony Rix and Mike Hollier, “Perceptual speech quality assessment from narrowband telephony to wideband
audio”, AES 107" Convention, New York: 24-27 September 1999.

" Gordon E. Peterson, “ The Information-Bearing Elements of Speech,” The Acoustical Society of America
Journal, 24 (6) (1952): 632.

8 N. R. French and J. C. Steinberg, “Factors Governing the Intelligibility of Speech Sounds,” The Acoustical
Society of America Journal, 19 (1) (1947): 90.

°P. W. Barnett , " Overview of Speech Intelligibility, " Proceedings of the Institute of Acoustics, 21 Part 5
(1999).

Pol ycom Inc.
Page 9 of 9



THE EFFECT OF BANDW DTH ON SPEECH | NTELLI G BI LI TY

101 L. Myasnikov, E. M. Miasnikova, and M. Y. Pekel’ nyi, “Infrasonic Cues for the Automatic Recognition of
Speech Sounds,” _Soviet Physics - Acoustics, 14 No. 4 (April-June, 1969): 522.

™ A. H. Inglis, “Transmission Features of the New Telephone Sets,” Bell System Technical Journal 17 (1938):
358-380.

Pol ycom Inc.
Page 10 of 10



