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E
n v i r o n m e n t a l 
noise (also known 
as noise pollution) 
is a prevalent fea-
ture of any urban 
soundscape. Of 

the numerous environmen-
tal noise sources (e.g., air-
crafts, road traffic, railways, 
industries, and construc-
tion), the World Health Orga-
nization (WHO) has identi-
fied road traffic noise as one 
of the main contributors to 
urban noise pollution.

Urban noise exposure 
has been linked to myri-
ad health risks by an in-
creasing number of health 
studies, as highlighted by 
Fritschi et al. Five major 
health effects were identi-
fied from the compilation 
of health studies: cardio-
vascular disease, cognitive 
impairment in children,  
sleep disturbance, tinni-
tus, and annoyance. Additionally, 
the observed health effects as a re-
sult of exposure to different noise 
levels (in decibels) was summarized 
by the WHO in Table 1. 

Escalating vehicular usage in 
densely populated areas usually 
leads to congested road networks 
that may be in close proximity to 
current (and future) residential ar-

eas. The resulting inadvertent expo-
sure to unhealthy noise levels has 
prompted governments around the 
world to explore noise control mea-
sures for safeguarding public health.

Coping with traffic noise
Passive noise barriers are a common 
sight in cities where residential areas 
are in close proximity to noisy trans-
port infrastructures (e.g., highways, 
railway tracks, and airports). Erecting 
such barriers requires large amounts 
of space and incurs substantial costs, 
so it is not always a viable solution.

For a noise barrier to be effec-
tive, it has to be at least as thick as 
the wavelength of the noise source. 
According to Fig. 1, the spectra of 
traffic noise measurements show a 
general trend of higher energy in the 
lower frequency region (i.e., 14,000 
Hz) with a peak at 1,000 Hz. There-
fore, the lower end of the spectrum 
will hardly be attenuated by the 
noise barriers due to the thick bar-
rier required. For example, accord-
ing to the general wave relationship,
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where co  is the speed of sound in air 
(+340 ms-1); f  is the frequency in 
Hertz; and m is the wavelength in 
meters, a 0.34-m-thick noise barrier 

is required to attenuate frequencies 
only as low as 1,000 Hz. Additional-
ly, noise signals (especially lower fre-
quency) can propagate above the 
noise barriers and still 
affect units in the higher 
levels of high-rise buildings, 
as illustrated in Fig. 2. 

At the individual level, 
one may try to reduce noise 
from propagating into his/
her dwelling by simply 
shutting the windows. Al-
though this is rather effec-
tive, with SPL reductions 
in the range of 24–45 dB, 
according to the WHO, it 
still does not attenuate 
low-frequency sounds effec-
tively. Closed windows also 
translate into poor ventila-
tion of the dwelling, which 

is essential for tropical regions 
and summers of temperate zones. 
A lack of ventilation may even di-
rectly cause sleep disturbances, as 

reported in a Swedish study high-
lighted by the WHO.

The aforementioned met hods of 
sound insulation are known as pas-

sive noise control (PNC) methods, 
where physical media are used to 
“shield” a listener from noise sources. 
Even though PNC methods are effec-
tive at damping noise over a large fre-
quency range, they are less effective 
at the lower frequencies due to the 
thickness of media required.

Therefore, active noise control 
(ANC) methods may hold the key to 
a practical noise mitigation solu-
tion for protecting the health of an 
ever-increasing urban population. 
ANC methods have been shown to 
be more space- and cost-effective at 
attenuating low frequencies and are 
becoming increasingly realizable 
due to the recent development of ef-
ficient algorithms and powerful low-
cost processors. Moreover, an ANC 
system retrofitted to open-windows 
may potentially attenuate low-fre-
quency traffic noise while still allow-
ing natural ventilation.

Development of anC systems
ANC works on a simple but elegant 
principle of superposition depicted 
in Fig. 3. An “antinoise” acoustic sig-
nal is generated (by a control/sec-
ondary source) with the same ampli-
tude but with opposite phase to can-
cel the undesired noise from the 
primary source [Fig. 3(a)].

Today, the field of ANC is well es-
tablished, with numerous publica-
tions (Kuo and Morgan; Nelson and 
Elliott) detailing the acoustic prin-
ciples and implementations of ANC 
systems. A classic example of an ANC 

system in a duct is illustrat-
ed in Fig. 4, where a second-
ary source speaker gener-
ates the antinoise signal to 
achieve cancelation at the 
error microphone location. 
The reference microphone is 
the detection sensor provid-
ing knowledge of the incom-
ing wave, and the error mi-
crophone acts as a feedback 
mechanism to an adaptive 
algorithm for achieving opti-
mum cancellation.

ANC can be generally 
classified by its control sys-
tem types (feedforward or 
feedback) or by the number 

AvErAgE night noisE lEvEl ovEr A yEAr hEAlth EffEcts obsErvEd in thE populAtion

up to 30 db no substantial biological effects are  
observed (subject to individual differences). 

30–40 db several effects on sleep observed but  
seem modest even in the worst cases. 
Vulnerable groups (e.g., children and the 
elderly) are more susceptible. 

40–55 db adverse health effects observed among the 
exposed population. many people adapt their 
lives to cope with the noise at night. Vulnerable 
groups are more severely affected.

above 55 db considered increasingly dangerous for public 
health. Frequent occurrence of adverse health 
effects with a sizeable proportion of the popu-
lation highly annoyed and sleep disturbed. 
There is evidence that the risk of cardiovas-
cular disease increases.

TAble 1. The effects of various sound pressure levels (SPls) 
on the health of the population from the WHO’s report.
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fig1 spectra averages from window microphone measure-
ments by Jagiatinskis and Fiks.

Even though pnc methods are effective at damping 
noise over a large frequency range, they are less 

effective at the lower frequencies due to the 
thickness of media required.
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of channel (sensor or actuator) con-
figurations (single- or multichan-
nel). Figure 4 shows a single-channel 
feedforward system, where a refer-
ence signal is forwardly fed to the 
digital controller by a single sensor 
(i.e., one reference microphone) and 
an error signal is adaptively fed back 
to the controller also with a single 
sensor (i.e., one error microphone) 
to generate an antinoise signal with 
an individual actuator unit (i.e., one 
loudspeaker). In contrast, feedback 
systems omit the use of reference 
sensors and generate the antinoise 
based solely on feedback from the 
error sensor(s). A multichannel ANC 
system (either feedforward or feed-
back) with multiple microphones and 
secondary sources is usually used to 
widen the “quiet zone.” 

Modern ANC systems detect 
changes in the primary noise us-
ing electronic sensors (e.g., micro-
phones and accelerometers) and 
analyze them with powerful digital 
signal processors (DSPs) to yield 
an accurate antinoise signal. The 
practical implementation of ANC 
systems has become more apparent 
today, owing to the development of 
faster DSP chips at increasingly af-
fordable prices. 

ANC’s rise in prominence is attrib-
uted to its applications in everyday 
situations. ANC headphones are one 
of the most successful implementa-
tions of ANC, along with its use in 
air-conditioning ducts, motorcycle 
exhausts, and power transformers. 
More recent innovative applications 
of ANC, summarized by Kajikawa 
et al., include: a motorcycle helmet 
retrofitted with ANC to shield the 
rider from unhealthy levels of engine 
noise, a novel snore-noise cancella-
tion system to reduce sleep distur-
bances caused by snoring, magnetic 
resonance imaging (MRI)  ANC sys-
tems for reducing MRI noise expo-
sure to hospital personnel, and an 
ANC system for reducing equipment 
noise in infant incubators. 

These applications, known as local 
ANC (noise control in confined spac-
es), have demonstrated the effective-
ness of ANC in enclosed regions (e.g., 
within the ear cup of the headphones).  

Noise
Barrier

High-Rise BuildingExpressway/Busy Road

Some Frequencies
Are Reflected or

Absorbed

Low Frequencies
Penetrate the Noise 

Barrier

Noise Is Able to
Propagate Upward to the

Higher Levels

fig2 noise propagation in a typical noise barrier.

(a)

(b)

Noise 
(0° Phase)

Noise 
(0° Phase)

0 0 0

000

t

t t t

t t

Antinoise
(0° Phase)

Antinoise
(180° Phase)

Residual Noise 
(Reduction)

Residual Noise 
(Amplification)

+

+

=

=

fig3 Two extreme cases of superposition: (a) total cancelation by out-of-phase waves 
and (b) amplification by in-phase waves.

Low-Pressure Region

High-Pressure Region

Increase in Amplitude
Decrease in Amplitude

AntinoisePrimary 
Noise

Legend

fig4 noncoherent sound fields from the primary and secondary sources.



14 n	 January/February 2016 IEEE PotEntIals

Conversely, actively controlling noise 
in a large three-dimensional space, 
also known as global ANC, is a com-
plex problem that is an active area of 
research today. 

Complexity of global anC
Applying ANC to control traffic noise 
can be viewed as a global ANC appli-
cation due to the large target area 
desired (e.g., an entire bedroom). 
The challenges of global ANC, high-
lighted by Kuo and Nelson, can be 
classified into
1) the coherence and the size of the 

control field
2) the causality problem
3) the placement of sensors and 

actuators.

Coherence and size  
of the control field 
From the theory of superposition, 
illustrated in Fig. 3, total cancella-
tion occurs if the sound field of the 
noise source is overlapped exactly 
with a sound field of the same 
amplitude but in opposite phase. 
Figure 4 shows the omnidirectional 
propagation of primary and second-
ary sound fields generated by single 
point sources, illustrating the effect 
of noncoherent sources. Ideally, the 
regions of high pressure (dark col-
ored) will cancel regions of lower 
pressure (light colored) to create a 
large “quiet” zone if they overlap per-

fectly. The misalignment of the two 
sound fields in Fig. 4, produces 
zones where the sound is minimized 
(blue arrow) and zones where the 
amplitude is undesirably increased 
(red arrow). Since it may not be pos-
sible to setup a secondary source as 
large as the primary source (i.e., a 
loudspeaker the size of a typical win-
dow), Nelson and Elliott suggested 
and demonstrated the use of multi-
ple secondary sources to generate a 
combined sound field of the required 
dimensions.

the causality problem 
The use of electronic circuits inevi-
tably introduces constraints to the 
setup of an ANC system. In es-
sence, the total time taken for the 
electrical components to detect, an-
alyze, compute, and finally trans-
mit to the secondary source must 
be less than the time it takes for 
the wave to travel from the detec-
tion microphone to the secondary 
source (Fig. 5). This constraint is 
formally known as the causality 
problem and is represented mathe-
matically by Nelson and Elliott as,

 ,l co$ x , 

where l  is the separation (in m) 
between the detection sensor and the 
secondary source, x is the total delay 
of the system components, and co  is 

the speed of sound in air. Thus, the 
number of electrical components, the 
speed of the algorithm, and the 
response of the electrical sensors will 
ultimately determine the distance 
between the reference microphone 
and the secondary source. 

Placement of sensors  
and actuators
The positioning and quantity of mul-
tiple sensors and actuators (second-
ary sources) have to meet the 
requirements of size (of the desired 
sound field) and work within the 
causality constraint. A larger num-
ber of sensors and/or actuators 
directly increases ,x  due to the pres-
ence of more electrical components 
and longer computation time.

Additionally, according to Nelson 
and Elliott, the attenuation level (in 
dB) is directly proportional to the 
number of secondary sources and 
inversely proportional to the sepa-
ration (in wavelength) between the 
primary and secondary sound fields.

Therefore, the traffic noise prob-
lem can be approached intuitively 
by taking the window opening as 
the origin of the primary noise, and 
actuators can be placed close to the 
primary source to achieve good at-
tenuation. The window approach 
will be classified into two categories: 
1) closed-window ANC systems and 
2) open-window ANC systems. 

Closed-window anC
In studies compiled by the WHO, 
double-glazed windows (commonly 
found in temperate regions for ther-
mal insulation) can reduce outside 
noise SPL by up to 45 dB. However, 
similar to noise barriers, double- or 
even triple-glazed windows perform 
poorly at attenuating low frequencies. 
To overcome the poor low-frequency 
attenuation properties of all windows 
in general, researchers such as 
Jakob and Möser and Hu et al., pro-
posed closed-window ANC solutions 
targeted at low-frequency noises.

Jakob and Möser proposed both 
the multichannel feedforward and 
feedback ANC systems for dou-
ble-glazed windows, illustrated in 
Fig. 6(a). The experimental setup of 
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fig5 an anc setup in a duct.

today, several research groups have illustrated 
that open-window Anc systems may be a potential 

solution to the noise (and ventilation) problem.
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the feedback system consists of eight 
secondary sources and four error 
microphones built into the cavity be-
tween the glass panels. For the feed-
forward case, an additional reference 
microphone is placed outside the 
window. The feedforward technique, 
with an approximate reduction of 
7 dB, was consistently more effective 
compared to the feedback technique 
with only 3.4–6 dB attenuation, for 
real traffic noise.

On the other hand, Hu et al. pro-
posed a multichannel feedforward 
ANC method using a transparent 
thin-film actuator as the secondary 
source that spans the entire face of 
the window. The experimental set-
up, shown in Fig. 6(b), also includes 
a pair of reference microphones and 
a pair of error microphones. A 6-dB 
drop in SPL was achieved for real 
traffic noise. The minimal attenua-
tion for both ANC methods (+6 dB) 
may be due to the passive attenua-
tion by the physical windows. More-
over, closed-window ANC systems 
are not suitable for areas that require 
windows to be opened frequently for 
ventilation (e.g., tropical regions). 

open-window anC
Windows that can abate traffic noise 
while still allowing to be opened fre-
quently for ventilation have generat-
ed particular interest in the research 
community and environmental agen-
cies of various governments. Today, 
several research groups have illus-
trated that open-window ANC sys-
tems may be a potential solution to 
the noise (and ventilation) problem.
Currently, there are several promi-
nent research groups proposing dif-
ferent open-window ANC solutions. 

Sachau et al. emulated a bedroom 
scenario with a partially open win-
dow and a single bed, as shown in 
Fig. 7. A multichannel feedforward 
system with (1) reference microphones 
outside of the window, (2) two error 
microphones embedded in the pillow, 
(3) two secondary source loudspeak-
ers embedded on the headboard, and 
electro-dynamic speakers placed out-
side the room to simulate the primary 
noise, was proposed. The sound field 
was measured with a (4) robotic rack 

External
Noise

Speaker Reference
Microphones

External
Noise

Wave
Separation
Algorithm

Reference
Signals

Outside of Cabin Inside of Cabin
FXLMS
Control

Algorithm

Error
Signals

Wave
Separation
Algorithm

Th
in

-F
ilm

Sp
ea

ke
r

Internal
Sound

Internal
Sound

SpeakerErro
r

M
icr

op
ho

ne
s

W
i
n
d
o
w

Secondary
Loudspeakers

Error
Microphones

Acrylic Glass
Panels

Air Cavity

Wooden Frame

Wall

Side View Front View
(a)

(b)

fig6 (a) Jakob and möser’s schematic diagram and experimental setup. (b) a sche-
matic diagram of the thin-film speaker setup by hu et al.

Reference
Microphone (1)

Primary
Source

Loudspeakers

Partially
Opened

Window (1)

(a) (b)

Error
Microphones

(2)

Pillow

E
quipm

ent
(6)

(1)

(5)

(4)

(3)
(2)

(6)

(3)

Secondary Source
Loudspeakers (3)

Bed

fig7 (a) a schematic diagram and (b) an experimental setup of the anc system by 
sachau et al.



16 n	 January/February 2016 IEEE PotEntIals

mounted with (5) an array of 21 mi-
crophones and all of the electronic 
components are placed in a rack (6). 
For broadband noise (80–480 Hz), an 
SPL reduction of 5.9 dB was achieved. 

Huang et al. further investigated 
ANC on a cascading window system 

(i.e., a double-glazed window with 
a small rectangular opening on 
each side of the glass panel, simi-
lar to the structure periscope, de-
picted in Fig. 8). Although airflow 
was restricted two to four times in 
such a configuration, a certain level 

of comfort was still achievable ow-
ing to optimal configurations. Ex-
perimental validations had shown 
a 10-dB reduction in the range of 
400–800 Hz when a double channel 
feedforward ANC system was used 
(i.e., two reference sensors 1 m away 
from the dual secondary sources, 
two secondary sources within the 
gap of the glass panels, and two 
error microphones on the window 
opening of the room). 

Recently, Murao and Nishimura 
proposed an active acoustic shield-
ing (AAS) concept that comprises 
four individual single-channel feed-
foward ANC units integrated in a 
fully opened 250 # 250 mm win-
dow, shown in Fig. 9. Each AAS unit 
comprises a reference microphone 
directed at the noise source (outside 
the window) and a flat loudspeaker 
directed into the room to be con-
trolled, which are separated by 50 
mm of sound absorbent material. 
A pre-adapted system is deployed, 
where the controller’s filter coeffi-
cients are adjusted offline and fixed 
using error microphones placed in 
the control field with the FXLMS al-
gorithm. The final ANC setup elimi-
nates the use of error microphones 
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Modern Anc systems detect changes in the primary 
noise using electronic sensors (e.g., microphones 

and accelerometers) and analyze them with 
powerful digital signal processors (dsps) to yield 

an accurate anti-noise signals.
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and demonstrated a 10–15 dB reduc-
tion in bandlimited random noise 
(between 500 and 2,000 Hz) when 
the noise is normal (0° incidence) to 
the AAS unit. A similar reduction up 
to 1.5-kHz range was reported for 
oblique noise incidence (30°) only, 
a combination of both normal and 
oblique cases (two primary sources), 
and moving sources in the direction 
parallel to the setup at two speeds: 
0.9 ms-1 and 1.8 ms-1.

Another fully opened window con-
cept, illustrated in Fig. 10, was re-
cently proposed by Kwon and Park. 
The multichannel feedforward sys-
tem comprises four reference micro-
phones extended from the centre of 
the four sides of the window frame, 
eight control sources distributed 
evenly around the window frame di-
rected into the room, and the primary 
noise source emitted by a loudspeaker  
1.4-m away from the window. Similar 
to Murao and Nishimura’s setup, Kwon 
and Park’s also employed a pre-adapt-
ed technique. A “virtual-sensing”  
algorithm is introduced to estimate 
the reference noise signal so that cau-
sality can be achieved. Another nov-
elty was the integration of an external 
loudspeaker system (often bulky) that 
places the control source at the de-
sired location via sound-tubes. With 
the primary source excited at three 

incident angles (0°, 30°, and 60°), ex-
terior noise was reportedly reduced by 
up to 10 dB in the frequency range of 
400–1,000 Hz.

limitations and the future of 
open-window anC systems
The various open-window ANC 
methods have shown promise for 
the development of viable open-win-
dow ANC systems, which may even-
tually be installed in urban dwell-
ings. Although some concepts are 
not off-the-shelf solutions, and have 
small openings (some even requiring 
major modifications to common 
window systems), they have been 
proven to be effective and may be 
adopted in the future development 
of acoustic window systems. For 
instance, Murao and Nishimura’s 
combined individual single-channel 
ANC units can reduce a substantial 
amount of computational t ime 

needed in the adaptive algorithm; 
Kwon and Park’s virtual sensing 
technique combined with a sound-
tube system may solve certain 

physical constraints with regards 
to reference microphone placements 
and traditional loudspeaker sys-
tems respectively; and Huang et al. 
had displayed a truly adaptive ANC 
system in a cascading window 
structure that may be applied to 
partially opened windows.

However, ANC is not without its 
limitations. To achieve a large qui-
et zone, multiple antinoise sources 
and sensing microphones are re-
quired. As a result, implementation 
and maintenance costs will rise 
with every increment in the number 
of electrical components used.

Although the effectiveness of tradi-
tional ANC techniques in the low-fre-
quency regions is well suited for the 
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Although the effectiveness of traditional Anc 
techniques in the low-frequency regions is well 

suited for the reduction of road traffic noise, their 
inefficiency in the high-frequency range may pose 

a potential problem.
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reduction of road traffic noise, their 
inefficiency in the high-frequency 
range may pose a potential problem. 
To cope with the residual high-fre-
quency components, two techniques 
proposed by Kajikawa et al. could be 
used: 1) psychoacoustic ANC and 2) 
ANC with directional loudspeakers. 

Psychoacoustic ANC techniques 
exploit the characteristics of human 
sound perception (psychoacoustics). 
Attenuation of low frequencies may 
cause the residual high-frequency 
components to be perceptually louder 
and considerably irritating. One meth-
od is to employ a masking technique 
to “cover” the irritable sounds, such as 
using soothing high-frequency sounds 
(e.g., a bird’s singing and ocean waves). 

The emerging field of parametric 
array loudspeakers (PAL) using ul-
trasonic emitters to generate audible 
frequencies has been proposed for 
directional ANC solutions. PAL ANC 
can be combined with conventional 
ANC to attenuate a broader range of 
frequencies, since PAL is effective in 
the higher frequency range (between 
500–2,500 Hz). 

To realize a practical and effec-
tive open-window ANC system, an 
innovative design approach that can 
overcome the constraints of causality 
and reduce noise in the entire room 

is needed. Furthermore, masking 
and PAL ANC techniques are areas 
that may be worthwhile to explore 
for their application in open-window 
ANC systems.
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