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Abstract

In response to the spread of telework and web conferencing as well as the growing need to value pri-
vate time and space, we aim to create the ultimate private acoustic space, a Personalized Sound Zone
(PSZ), that delivers only the sounds you want to hear and blocks the sounds you do not want to hear. As
part of this effort, we have been researching and developing a new spot-sound-reproduction technology
that confines unwanted sounds from speakers to a very small space. This technology will create an area
where sound can only be heard near the speaker by appropriately controlling opposite-phase sound
waves emitted from the back of the speaker. This technology will enable the NTT Group to provide a

variety of unique PSZ audio equipment.
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1. Spot-sound-reproduction technology that
presents sound locally

Since individuals now have their own personal
electronic devices, such as smartphones, tablets, and
personal computers, and telework and web confer-
encing have rapidly become common, NTT Com-
puter and Data Science Laboratories is conducting
research and development aimed at constructing the
ultimate private acoustic space for delivering only
sounds you want to hear and blocking sounds you
don’t want to hear in response to the increasing need
to value private time and space.

Acoustic devices, such as directional speakers and
parametric speakers, had been used to reproduce
sound in one part of an area only without the sound
leaking to the surrounding area. These loudspeakers
form an area where sound can be heard from a spe-
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cific direction, but they require special devices and
have not yet become widely used. At the research
level, it has also been shown that spatially controlling
a speaker array with multiple speakers can reproduce
sound in a certain area only. However, it is problem-
atic that many speakers are required, and the cost is
extremely high.

Headphones and earphones are widely used to pres-
ent sound to individuals only. Although they are
inexpensive and readily available, wearing them for a
long time puts pressure on the ears and ear canals,
which causes fatigue and pain, and prolonged wear
can lead to inflammation of the outer ear. Many open-
ear earphones have been sold as a method of wearing
earphones that do not block the ear canal, thus reduc-
ing the burden on the ear. They are configured with
the loudspeaker placed close to the ear, from where it
delivers the sound to the eardrum. Unlike earphones
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that are inserted into the ear canal, open-ear ear-
phones leave the ear canal open, so they exert less
pressure—thus less burden—on the ear. However,
the distance between the ear and loudspeaker in such
earphones is greater, so sound leakage becomes an
issue.

We describe the spot-sound-reproduction technol-
ogy we are researching and developing that uses
opposite-phase sound waves emitted from the back of
a loudspeaker to create an area where sound can only
be heard in the area close to the loudspeaker. We first
introduce our previously proposed enclosure-less
speaker array, which uses general-purpose loud-
speakers to achieve spot-sound reproduction at a
reduced cost. We then introduce the Personalized
Sound Zone (PSZ) Wearable earphone we developed
for solving the sound-leakage problem with open-ear
earphones. Since these two technologies can localize
sound, they can expand the possibilities of new audio
equipment from a conventional loudspeaker system,
which delivers sound to a large number of people, to
one that can produce sound to be heard by specific
people only.

2. Spot-sound reproduction using
opposite-phase sound waves from the back of
the speaker

The principle on which speakers function is briefly
explained. A speaker consists of a speaker unit and
enclosure that houses the speaker unit. The speaker
unit consists of a diaphragm and magnetic circuit that
vibrates the diaphragm. When the diaphragm of the
speaker unit is vibrated, it causes compression and
expansion waves around the unit. People are able to
perceive sound when the created sound waves reach
their ears. The sound waves generated on the dia-
phragm are a physical phenomenon, so when the
diaphragm vibrates, the sound waves are generated
not only on the entire front surface of the diaphragm
but on the back surface as well. The sound wave gen-
erated on the back surface—generally referred to as
the opposite-phase sound wave—is exactly the
inverse of the wave generated on the front surface
(positive-phase sound wave). This opposite-phase
sound wave can cancel out the front wave when timed
appropriately with the positive-phase sound wave.
Therefore, if the diaphragm vibrates without the
enclosure, the opposite-phase sound wave diffracts
around the speaker unit and cancels out the positive-
phase sound wave, so the sound disappears. No mat-
ter how much the diaphragm is vibrated, no sound
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can be heard. Therefore, normal speakers are config-
ured so that the speaker unit is housed in a box called
an enclosure, which suppresses the radiation of the
opposite-phase sound waves to the surroundings,
thus enabling the speaker’s audible sound to travel
further. Regarding PSZ spot-sound reproduction, we
conjectured that by appropriately controlling the
opposite-phase sound waves generated from the back
of the diaphragm of the speaker unit, it would be pos-
sible to suppress sound leakage and achieve spot-like
sound reproduction. The results of sound-leakage
analysis are shown in Fig. 1. The sound-pressure
level of the bare (enclosure-less) speaker unit (i) is
lower at a greater distance from the unit than that of
the normal (enclosure-type) speaker (ii).

Regarding the frequency characteristics for each
frequency (shown in the right graph), the distance
from the speaker unit increases, the sound magnitude
is attenuated more at lower frequencies than at higher
frequencies. Closer to the speaker unit, however, the
frequency characteristic was found to be flat, mean-
ing a better sound quality. These results indicate that
by using two enclosure-less speaker units, i.e., plac-
ing two speakers near the head, it is possible to make
a low-cost speaker capable of spot-sound reproduc-
tion by which the generated sound can only be heard
near the speaker. To improve the performance of
enclosure-less speaker units, we proposed an enclo-
sure-less speaker array in which two speaker units are
arranged [1]. Our speaker array is shown in Fig. 2(a).
It is a compact array with no enclosure mounted on
the speaker unit; instead, the two speaker units are
attached to a baffle plate. The positive-phase sound
wave is radiated from the front of the diaphragm of
each speaker unit, and the opposite-phase sound
wave is radiated from the back of the diaphragm;
without signal processing, a region of abruptly
reduced sound pressure is formed at the side of the
array. At the front and back of the array, the positive-
and opposite-phase sound waves interfere with each
other, canceling each other out, and the sound disap-
pears. However, close to the front of the array, the
sound waves do not cancel each other out because the
opposite-phase sound waves from the back of the
array do not diffract around the array in time. This
phenomenon creates an area where sound is audible
near the loudspeaker but inaudible away from it.

By using a speaker array structured with two speak-
ers side by side and applying signal processing that
emphasizes the sound near the speaker array and cuts
the sound in other directions, it is possible to empha-
size the area where the sound remains only in front of
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Fig. 1. Comparison of characteristics between bare and normal speakers at different distances.
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Fig. 2. Enclosure-less speaker array and chair equipped with the arrays on the headrest.

the speaker. The use of enclosure-less speakers
instead of enclosure speakers also affects sound qual-
ity. In normal speakers, the speaker unit operates in a
narrow enclosure, in which the air exerts a repulsive
force that causes a lack of sound reproduction in the
low-frequency range. However, this structure, which
has no enclosure, is not affected by the repulsive
force of air, so the speaker unit can reproduce sound
down to its inherently reproducible lower frequen-
cies.
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An armchair fitted with two of the proposed speak-
er arrays mounted on the headrest: one on the left and
one on the right, is shown in Fig. 2(b). Since the
enclosure-less speaker arrays are mounted on the
headrest, the listener does not have to wear anything
and can hear the sound from the speaker arrays when
sitting in the chair. Hardly any sound leaks to the sur-
roundings, so the sound is comfortably delivered to
the seated listener only.
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Fig. 3. Structure of enclosure of PSZ Wearable and model of Helmholtz resonance.

3. PSZ Wearable for small wearable devices

With the enclosure-less speaker array (using the
opposite-phase sound waves radiated from the back
of the speaker array), the positive- and opposite-
phase sound waves cancel each other out at a certain
distance from the front of the speaker array and mute
the sound; however, in the vicinity of the array, the
sound at the back and front of the speaker array is not
muted, and sound leakage can be heard. This speaker
array also requires signal processing, such as a beam-
former using two speakers, which restricts the size
and installation conditions.

Considering the above-described issues, we devel-
oped an earphone called PSZ Wearable by designing
its structure to achieve nearby sound reproduction
without signal processing by controlling the oppo-
site-phase sound waves generated from the back of
the speaker unit by means of an enclosure.

An enclosure structured with a hole in it—a vented
box (or bass reflex)—has been in use since around
1971 [2]. Bass-reflex speaker units are used to lower
the low-frequency range that can be reproduced and
enhance bass reproduction. Volume, aperture area,
and duct length of the enclosure can cause so-called
Helmholtz resonance. When this resonance occurs,
the phase of the sound is inverted (so-called phase
inversion occurs), that is, the phase is shifted by 180
degrees so that the plus and minus portions of the
sound wave are inverted, and the opposite-phase
sound wave becomes in phase with the positive-
phase sound wave. By appropriately designing the
volume and opening area of the enclosure, Helmholtz
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resonance can be generated at low frequency. A low-
frequency sound with inverted phase is then emitted
from the opening of the enclosure, that is, sound with
enhanced bass—but without sound cancellation—is
emitted from the enclosure. Thus, a bass-reflex
speaker unit can reproduce lower frequency sounds
than a single speaker unit.

The structure of PSZ Wearable (Fig. 3) is based on
this idea of a phase-inverted enclosure, which it uses
for suppressing sound leakage rather than enhancing
bass [3]. Since PSZ Wearable requires the use of the
opposite-phase sound wave radiated from the back of
the loudspeaker, its phase correlation with the posi-
tive-phase sound wave radiated from the front of the
loudspeaker unit must be maintained up to high fre-
quencies. Therefore, PSZ Wearable is designed to
maintain the opposite-phase correlation by setting the
Helmbholtz resonance in a frequency band higher than
that for which sound leakage must be suppressed. The
controllable elements of Helmholtz resonance are
volume of the enclosure, aperture area, and duct
length; however, in the case of small wearable devic-
es, duct length is very small, and aperture area cannot
be freely designed due to the need to radiate the
opposite-phase sound wave. PSZ Wearable is there-
fore designed to have the minimum enclosure volume
to increase Helmholtz resonance and maintain the
opposite-phase correlation.

The frequency band that can be suppressed by the
structure of PSZ Wearable is determined by the path
difference 6 between the positive- and opposite-phase
sound waves at the observation point and wavelength
A of the sound. The A of sound is the distance between
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Fig. 4. Structure of PSZ Wearable and results of acoustic simulation of sound leakage.

two points in phase on the wave (such as peaks), and
the period is the time for one complete cycle of the
wave. The A thus represents the spatial extent of one
complete cycle (period) of the wave. At higher fre-
quencies, A is shorter, and at lower frequencies, A is
longer. To suppress sound with PSZ Wearable, it is
necessary to satisfy 6 / A = 0. That is, PSZ Wearable
works at sound frequencies at which § is sufficiently
smaller than A. PSZ Wearable consists of a normal
speaker unit and enclosure with an opening. Accord-
ingly, there is a limit to which the o that occurs
between the radiation positions the positive- and
opposite-phase sound waves can be reduced, and that
limitation determines the frequency band that can be
suppressed. Helmholtz resonance is also used to
expand the bandwidth in which the sound leakage can
be suppressed. By using phase inversion due to
Helmholtz resonance and inducing inversion at high
frequencies at which leakage cannot be suppressed,
the path of the sound waves is apparently shortened
by half a wavelength, so it becomes possible to sup-
press sound leakage at even higher frequencies.

The results of an evaluation through acoustic simu-
lation [4] of the suppression of sound leakage with
PSZ Wearable are shown in Fig. 4. When a sound
with a frequency of 1 kHz is played from an earphone
with a normal enclosure, the sound is spread around
the head as well as around the ears; in other words,
the sound leaks into the surroundings from a speaker
with a normal enclosure. With PSZ Wearable, how-
ever, high sound pressure can be observed near the
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ear. However, as the distance from the ear increases,
the sound pressure drops significantly; in other
words, sound leakage is suppressed. The results of
measuring sound leakage from PSZ Wearable in an
anechoic chamber when a three-dimensional-printed
housing was attached to the ear of the dummy head
are shown in Fig. 5. When sound level of 80 dB is
heard at the dummy head’s ear, as would be normal
when listening to music, the sound level is reduced to
42 dB at a distance of 15 cm from the ear. That sound
level (42 dB) is generally considered to be about as
quiet as a library, and the performance of PSZ Wear-
able is such that the sound is almost inaudible from a
distance of only 15 cm.

4. Research and future development to expand
the application scope of spot-sound reproduction

Spot-sound reproduction is now possible with
enclosure-less speaker arrays and PSZ Wearable,
which allow sound to be reproduced in the vicinity of
the speaker by using one or two loudspeakers.
Although spot-sound reproduction is suitable for
open-ear earphones, where the speaker that can be
located near the ear, and for speakers mounted on the
headrest of a chair, our future research and develop-
ment is aimed at usage scenarios that require a dis-
tance between the speaker and the ear and at more
freely controlling the range of the sound spot. When
speakers are mounted on the headrests of seating in
aircraft and vehicles, to reduce the weight and cost of
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Fig. 6. Prototype of opposite-phase-wave-induction enclosure and results of acoustic simulation.

the sound equipment, it is necessary to structure the
speaker with a single speaker unit at a lower manu-
facturing cost. We have therefore developed an
opposite-phase-wave-induction enclosure that
enables spot-sound reproduction with the enclosure
structure of PSZ Wearable even with larger speakers.
Speakers must be able to reproduce a wide bandwidth
(from bass to treble) and be able to output high sound
pressure; however, such a wide bandwidth and output
sound pressure are affected by the size of the speak-
er’s diaphragm. Compared with earphones, headrest-
type speakers are placed further away from the ear, so
they require higher output power. In accordance with
the design guidelines for PSZ Wearable, the opposite-
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phase-wave-induction enclosure has a structure that
reduces the enclosure volume and increases the fre-
quency of Helmholtz resonance, while reducing the
path difference between the opposite- and positive-
phase sound waves, to match the large loudspeaker
aperture (Fig. 6). This structure enables cost-effective
spot-sound reproduction with a single loudspeaker
without the need for signal processing.

We intend to use the opposite-phase-wave-induc-
tion enclosure [5] to develop a smart speaker system
that enables only those who need to hear the sound,
such as able-bodied people or visually impaired
people, by mounting it on car-seat headrests and
public-announcement loudspeakers. We will promote
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research and development for using this smart speak-
er system in a wide range of places as a speaker that
changes the conventional wisdom of sound.
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