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Abstract

In order to create active noise canceling
headphones, a pair of Sennheiser HD
202 headphones was modified with
microphones and a series of op-amp
circuits. Attenuation of low frequency
ambient  noise  was  successfully
observed.

Introduction

Noise cancellation technology is
aimed at reducing unwanted ambient
sound, and is implemented through two
different methods. The first of these is
passive noise cancellation: an approach
that focuses on preventing sound waves
from reaching the eardrum, and includes
devices such as circumaural headphones
or earbuds [3]. The other technique used
to achieve the same — and often better —
result is active noise cancellation, which
uses aural overlap and destructive
interference to target and attenuate
background noise. While passive and
active noise cancellation may be applied
separately, they are often combined to
attain maximum effectiveness in noise
cancellation.
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Although active noise canceling
devices are still being integrated
commercially, the concept has existed
since the beginning of the 20™ century.
In 1933, a German patent was issued to a
Paul Lueg for the concept of active noise
cancellation; he was the first to realize
the possibility of attenuating background
noise by superimposing a phase flipped
wave [5]. In the 1950s, Olsen
successfully ~ demonstrated  Lueg’s
concept in rooms, ducts, and headsets
[5]. Research and development of active
noise reduction (ANR) headphones truly
began in 1978 after Dr. Amar Bose felt
the need to develop headphones that
masked the low rumbling of plane
engines and other cabin noises [6]. With
the invention of integrated circuits — op-
amp circuits - and  miniature
microphones, the existence of ANR
headsets became increasingly probable.

ANR headsets were first used in
the Armed Forces, and constantly
develop in versatility. However, they are
not used in all military organizations and
are only slowly being commercially
released [2]. Current applications
include noise propagation in industrial
air handling systems, reduction of
propeller noise in aircrafts and tonal
noise from electric power, as well as
isolation of vibration from noise



radiating structures. Even with these
applications, the transition of active
noise control from the laboratory to the
market is far from complete [4].

A hands-on implementation of
noise canceling headphones provides for
a strong understanding of the conceptual
framework of both passive and active
noise canceling. In addition, it allows an
introduction to the basic components and
operations of analog circuits. In
particular, attention is given to the
theory behind resistor networks, op-amp
circuits, and filtering circuits. Secondary
goals of the project include learning
about the importance of circuit design,
using oscilloscopes to understand and
test circuits, and mastering the skills
involved in building circuits.

Background Information and
Related Work

The Original Headphones

The constructed headphones
implement both passive and active noise
cancellation via the modification of a
pair of Sennheiser HD 202 headphones
(Figure 1). The Sennheiser headphones

Figure 1: Sennheiser HD
202 Headphones [10]

come equipped with passive noise
canceling components such as closed,

semi-circumaural ear pads [10]. In order
to achieve active noise cancellation, a
circuit mainly comprised of a series of
op-amps and microphones was added to
the headphones for active noise
cancellation.

Circuit Laws

Before constructing the noise
canceling circuit, a general
comprehension of circuitry was required
to fully understand how the specific
noise canceling circuit operates. Every
circuit contains various components,
each of which have correlative
quantities; these quantities are often
measured during circuit construction and
may be altered in order to produce the
proper results. The most common of
such quantities include the voltage,
current, and resistance of the circuit
components. The voltage represents the
potential difference needed to move a
unit of charge across any circuit
component. The current specifies the
rate at which a unit of charge flows
through a given component of the
circuit. The resistance of a component
describes the impedance against the
current for that specific component.

The relationship between these
measurements — voltage, current, and
resistance — in a circuit is commonly
known as Ohm’s Law. Ohm’s Law
states that the voltage drop across two
points is the product of the current and
the resistance (V=IR, where V is the
voltage, | is the current, and R is the
resistance).

Oftentimes, Ohm’s Law is used
in conjunction with other mathematical
relationships derived from the circuit for
analysis. There are two other
fundamental circuit laws, known as
Kirchoff’s Laws: the Junction Rule and



the Loop Rule. The Junction Rule results
from the conservation of charge; it states
that at any junction or node the algebraic
sum of all the currents equals zero. In
other words, the amount of current that
enters the node must also leave the node
(Figure 2). The Loop Rule, derived from
the conservation

| Iz of electrostatic
1 fields, states
I3 that the

algebraic  sum
of the voltages
in any loop is
zero (Figure 3).
These laws help
understand the
transfer of
energy through
an electrical circuit, as well as analyzing
them. Vs
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Figure 2: The
Junction Rule

resistor, the | T
resistors can be Wy
treated as one  —
resistor and can
be simplified in ¥+ Va = ¥+ ¥y
two ways
depending  on
how they are
arranged — in series or in parallel. When
connected in series, resistors are
connected end-to-end with one another.
The current entering and leaving each
resistor is the same according to the
Junction Rule, so the total resistance of
the circuit is the voltage difference
divided by the current (Figure 4).

Figure 3: The
Loop Rule

Circuit Components

Resistors are also connected in
parallel so that when the circuit forks
into different branches — each containing
a resistor — the potential difference
between where the branches diverge and
from where the branches converge must
add up with all the other voltage drops.
This, once again, is a restatement of the
Kirchoff’s Law, but in this case, the
Loop Rule (Figure 5). For each resistor
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Figure 4: Resistors in Series

Figure 5: Resistors in Parallel

added in parallel, the total resistance
actually decreases and is always less
than the individual resistance of each
resistor involved.

Another  common  principle
observed in the treatment of circuits is
that of voltage and current division.
Voltage and current division specify the
manner in which the voltage and current
is shared among the various components
of a circuit, and can be easily derived
from Ohm’s Law and Kirchoff’s Laws.
The voltage across one resistor in series
is proportional to the total voltage with a
ratio of the resistance of said resistor
over the total resistance of all the
resistors connected in series (Figure 6).

V: = IR;

R =R, +R,+R; +...

I:V—T: VT :V—n
R R +R,+R;+... R,

— Rn
" R +R,+R;+..

T

Figure 6: Voltage Division:
Resistors in Series




Also, the current through one resistor in
parallel is proportional to the total
current through the entire parallel system
downsized by the ratio of the inverse of
the resistor over the inverse of the total
resistance through the entire system
(Figure 7).
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Figure 7: Current Division:
Resistors in Parallel

These principles were applied
with operational amplifiers (op-amps) to
achieve the desired result. An op-amp is
an electronic voltage amplifier most
commonly used to perform single-
process operations, mainly mathematical
operations on analog circuits. Although
they are fairly complex devices, op-amps
are often modeled as simpler
components, referred to as ideal op-
amps. An ideal op-amp operates under
two conditions: the currents in both
inputs are equal to zero and the voltages
across both inputs are equal to one
another. In the traditional diagram of an
op-amp, V. is the non-inverting input, V.
is the inverting input, Vo is the output,
V. is the positive power supply, and Vs.
is the negative power supply (Figure 8).

Some basic uses of op-amps in
analog circuits include summing and
difference amplifiers, and inverting and

non-inverting amplifiers. Each op-amp

has its own Ve,

transfer

function, v,

which Vou
describes the |

relationship

between the Voo

input and final
output voltage
of the op-amp.
The transfer functions are dependent on
configurations and values of the resistors
connected to the op-amps. For the
noise-canceling circuit, op-amps were
readily used to perform simple signal
processing operations.

Another electrical component
crucial to the noise-canceling circuit is
the capacitor, which stores energy
between two conductive plates. When a
potential difference exists across a
capacitor, the current deposits electric
charge on one plate and causes a build-
up of charge on both plates of the
capacitor. This stored electrical energy is
then released through a resistor when
necessary. An RC circuit, which consists
of a resistor and a capacitor wired in
series, is often used as a filter,
differentiating between high and low
frequency signals. A filtering circuit
eliminates a range of frequencies from a
mixture of frequencies, like minimizing
the bass of a song so the melody is more
prominent. If the output voltage is taken
across the resistor, the low frequencies
are attenuated, and the device is termed
as a high-pass filter. If the output voltage
is taken across the capacitor, the high
frequencies are attenuated, making the
device a low-pass filter.

Figure 8: Op-Amp



Active Noise Canceling

The headphones use active noise
cancellation to eliminate any low-
frequency noise from the environment,
leaving the music to play from the
headphones without the noise waves. To
do this, the device produces a wave
identical in frequency to the noise wave,
but phase-flipped by a phase-shift of 180
degrees [1]. Afterwards, the generated
wave is superimposed onto the noise
wave, and the addition of these two
waves — destructive interference -
causes them to mutually cancel (Figure
9). Though the headphones play the
music, the noise waves, and the
generated waves, the destructive
interference allows only the music to be
heard by the listener.

Inside noise-canceling headphones

Sound waves created Noise created
by headphone speaker by external source

—~—
Electronics

Figure 9: Two waves are shifted 180
degrees with respect to each other so
that the waves destructively interfere. [5]

This method of active noise
cancellation is achieved by
superimposing generated anti-noise with
the noise signal. The system also
includes other additional components in
order for the active noise cancellation to

function properly. A microphone, which
is placed externally on the headphones,
IS needed to detect and obtain the raw
noise  signal from the outside
environment (Figure 10). The circuit
generates an anti-noise signal that
destructively interferes with the noise
signal. A speaker — in this case, the
headphones — then required feeds the
generated wave to the music and the
noise wave in order for the generated
wave and the noise wave to destructively
interfere with one another. An external
source of energy supplies the system
with the ability to operate, which is also
the reason for the term “active noise
cancellation” — active meaning the need
for an external source. Theoretically,
active noise canceling is capable of
reducing ambient noise up to 70 percent,
and is most effective when used for air
travel or other low-frequency sound
waves [5].

Experimental and Engineering
Design

As described previously, the
signal undergoes various changes in
order to result in the desired output. The
circuit in the noise canceling system can
be divided into three stages with each
containing an op-amp circuit that alters
the analog signal in a unique way
(Figure 11).

Pre-Amplifier

The first section in the circuit
schematic is a non-inverting pre-
amplifier, the second a phase inverting
op-amp configuration, and the third is a
signal-summing amplifier. These three
main components of the circuit lead into
one another consecutively, modifying



the signal as it passes through the device.
The noise-canceling headphones contain

microphone is very weak and must be
amplified if it is to be usable. The gain in
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Figure 11: Complete Circuit Schematic

two separate channels, in order to
maintain stereo sound. These two
channels are identical, and run parallel to
each other. Noise cancellation is
achieved by passing an analog audio
signal through these three sections of
circuitry.

The first part of the circuit is a
non-inverting op-amp circuit that acts as

a pre-
amplifier
(Figure 12).
A pre-amp
IS necessary
in the circuit
because the
audio signal
output from
the
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Figure 12: Pre-Amplifier

our pre-amp is determined by the ratio
between Rg and Rg. By altering the
values of these two resistors, it is
possible to control the amplitude of the
audio signal as it leaves the pre-amp.
Once the weak microphone signal is
amplified, the output is sent to the input
of the phase-inverter.

The second component of the
circuit is an inverting op-amp circuit
(Figure
13). This
circuit
inverts the
phase  of
the signal
by
changing
the
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Figure 13: Inverting
Op-Amp Circuit



polarity of the signal’s voltage as it
leaves the op-amp. The amplification of
this op-amp circuit is controlled by the
ratio between Rj; and Rjo. For this
circuit, the resistances of Ry and Ry
have are equal — creating a multiplier of
one — because there is no longer a need
to change the amplitude of the input
wave. This unitary-gain circuit also cuts
back on any distortion of the audio
signal. This section features a switch that
provides the option of turning noise
canceling on or off by selecting either a
phase-inverted signal or the raw signal
from the pre-amp. The output of this op-
amp circuit goes into a potentiometer
that adjusts the gain of the entire
circuit’s signal up to that point. The
potentiometer allows control over the
amplitude of the phase shifted noise
signal, and thus grants the user the
ability to fine-tune the noise canceling.
Ideal noise cancellation is achieved
when the amplitude of the inverted noise
signal matches that of the unwanted
noise on the outside. The output from
this potentiometer is fed into a summing
amplifier.

The third component of the
circuit is a summing amplifier that mixes
the inverted noise signal with an
auxiliary input such as music (Figure
14). It outputs the final signal to the

Fi15

IC3-a
W2 MEBI22

13
100K,

Figure 14: Summing
Op-Amp Circuit

headphones. The gain of this signal

mixer is controlled by the ratio between
Rig and Rjs. The summing amplifier
combines the two analog signals and
plays both through the same speaker.
The auxiliary input of this circuit first
passes through a potentiometer, which
controls the amplitude of the music. The
output of this summing amplifier is the
last part of the noise-canceling circuit
before the signal is sent to the speaker.

The circuit is built in two parts
because there needs to be a noise
canceling circuit for each side of the
headphones — right and left. After the
two parts are individually constructed,
the identical circuits are wired together
and placed into an aluminum box for
containment.

Results and Discussion

The construction of the circuit
for noise cancellation was moderately
successful in this project. After
completion, the ANR headphones
worked fairly well, and were able to
cancel out a majority of the background
noise. It was also able to amplify
background noise through an added
switch that bypassed the phase-inverting
op-amp. In order to test the effectiveness
of the completed headphones, an
oscilloscope was used to detect the
sound waves before and after each op-
amp in the circuit.

The first op-amp’s purpose was
to amplify the sound detected by
microphone. The efficiency of this op-
amp is displayed in the comparison of
the two graphs (Figure 15a and Figure
15b). In Figure 15a, the noise signal had
small amplitude, whereas in Figure 15b,
the noise was greatly amplified, as
shown by its increased amplitude.



The second op-amp was used to
invert the phase of the noise. The
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success of this piece of the circuit is
illustrated in the next pair of graphs
(Figure 16a and 16b). Figure 16a
illustrates the amplified noise before
being inverted, and Figure 16b shows
the noise signal after being inverted.
Note how the signal is exactly the same,
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Figure 16a: Before Inversion

except flipped over the horizontal axis.
The third and final op-amp’s
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Figure 16b: After Inversion

objective was to add the now inverted
noise to the background noise and
music. This effectiveness of this portion
of the circuit can be seen by the
following three graphs (Figure 17a,
Figure 17b, and Figure 17c). Figure 17a
shows the noise signal before summation
while Figure 17b shows the sine wave of
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Figure 17b: Auxiliary Input
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Figure 17c: Final Output

the music before summation. Figure 17¢
simply shows the combined noise signal
and sine wave of the music. This
combined signal is the final signal
outputted into the headphones.

The noise canceling headphones
were tested by observing their effect on
various sources of noise such as an air
conditioning vent, human voice, and a
fan. In all cases, low frequency sound
waves were attenuated. However, this
means that certain sounds are not
cancelled. For example, fan noise will
not be entirely cancelled; instead, the fan
takes on a higher-pitched sound, as if the
diameter of the fan were reduced. Also,
when noise canceling is turned off, the
circuit acts as a noise amplifier, giving
the auxiliary input a static-like effect.
Some undesired results occur in our
circuit, such as occasional feedback from
the microphones.

Future Work

The relatively simple circuit for
noise cancellation that was implemented
leaves  many  opportunities  for
improvement. The first improvement
possible is miniaturization, in which the
noise-canceling circuitry could be placed
in the headphones themselves. The
circuit is currently housed in a hand-held
aluminum casing. Had there been more

time, the circuit schematic would have
been sent out for the connections to be
printed directly onto a circuit board. This
would eliminate the bulky enclosure and
the cord that connects the microphones
to the circuitry.

Another improvement is the
addition of a negative feedback circuit.
Such a circuit would use the volume of
the background noise to regulate the
level of noise canceling needed. This
would simplify the ease of use of the
device by eliminating the need for
manual fine-tuning.

Another possibility is to convert
the analog signal into a digital one. This
grants greater flexibility, as the digital
signal could be sent to a digital signal
processor, and noise canceling could be
handled by software. Such a change
would allow the circuit to handle more
advanced processing and to develop as
new advances in noise-canceling
technology are discovered. One example
of this is adaptive noise cancellation,
which takes negative feedback a step
further by allowing it to adjust the
cancellation level based on a
mathematical model. The  model
includes specific coefficients governed
by the input signal level and frequencies;
traditional negative feedback only uses
the raw signal level to adjust the volume
of noise cancellation [7].

The noise-canceling technology
could also be applied to other areas of
audio hardware. For example, a
microphone filter that removes static
from a microphone signal could be
constructed. Another field that could
benefit from noise canceling is
telecommunications. Currently, noise
cancellation is used to filter out ambient
noise from telephone conversations. This
relies on a similar method to the
headphones, where separate



microphones are used for the noise and
the desired signal [8]. However, the
noise canceling circuit could also be
used in a telephone to detect noise from
signal degradation and to cancel such
noise before it travels through the
phone's speaker. Because the noise is
introduced into the signal en route to its
destination, the unwanted noise and the
desired signal would be combined into
one signal. This is in contrast to the

headphones, which have the two
components in separate signals. To
remedy this problem, an adaptive
algorithm that can separate the noise
from the desired signal would be
implemented.
Conclusion

During the course of this

research project, the members of the
research group have learned about many
facets of noise canceling, as well as
electrical engineering in general. In
addition to basic necessary skills such as
soldering, the members also received a
window into the world of analog circuit
design and implementation. Much
experience with electrical analysis
equipment, such as oscilloscopes and
function generators, was gained as well.

One aspect about electrical
engineering learned is how tedious
circuit analysis is. Because the circuits
are too small to attach the leads to the
equipment, additional wires needed to be
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added in order to test different parts.
This meant that whenever a different
part of the circuit needed to be tested,
wires needed to be added and removed.
This caused the circuitry to become
sloppy, and errors, such as solder
bridging, to occur. However, these issues
were surmountable, and it was very
exciting to be able to visualize the actual

Figure 18: Completed Circuit

electrical signal being sent through our
circuit (Figure 18).

As mentioned previously, the
circuit only operates at low frequencies,
so some noise is not cancelled.
Furthermore, the circuit requires a great
deal of fine-tuning in order for the
phase-inverted noise and the original
noise to share the same amplitude.
However, the circuit works well enough
to demonstrate how passive and active
noise canceling operates. The members
of this research group personally
enjoyed the project, and feel that it gave
them a grasp on the concepts behind
electrical engineering and circuit design.
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