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Abstract—In this undergraduate research project, we built a noise canceling headphone with a
negative feedback system. We set up the microphone inside the ear cup of the headphone. The
tradeoff in this design is the performance and the stability of the system. Our headphone can
attenuate the noise for the frequency below 1 KHz and achieve at least 10 dB noise attenuation
below 400 Hz. We calculated the theoretical frequency response and verified it with Matlab. The
circuit was designed in Pspice and tested by generating the noise from another headphone. The
system achieved the best performance under the stable condition.

1. Introduction

Noise Canceling Headphones (NCHSs) reduce the noise from active noise cancelation. By their
nature, headphone's ear cups are able to block out some high frequency noise because it is
absorbed. However, the passive noise attenuation through ear cups is not efficient for low
frequency noise. Thus, it is necessary to have the active noise cancelation to reduce the low
frequency noise, such as noise below 1 KHz. [1] For this undergraduate research project, we
build a Noise Canceling Headphones inspired by Bose's patent [2]. The system is a close loop
system and can attenuate the noise below 1 KHz. In this report, | will present the background, the
theoretical calculation verified by Matlab, the Pspice circuit analysis and the real circuit
performance.

2. Background
As mentioned above, passive attenuation is achieved when ear cups is sealed to the user's ears to
block the external noise. This is illustrated in Figure 1 [1]. The frequency response of passive
attenuation for a typical headset is illustrated in Figure 2 [1], showing about 15 dB of attenuation
below the mechanical cut-off frequency 220 Hz, and an increasing attenuation above the cut-off
frequency. From Figure 2 it is clear that additional active attenuation at the low frequencies can
improve the overall attenuation performance.
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There are basically two kinds of setups for active Noise Canceling Headphones. One is to put the
microphone outside the ear cup with an open-loop system. Another is to put the microphone
inside the ear cup with a closed-loop system. Our noise canceling headphone uses the later setup.
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Figure 3 [1] Figure 4 [1]

3. Matlab Simulation

3.1 The model from Bose's patent
In this undergraduate research project, we set up the Noise Canceling Headphone as Figure 5.
We put the microphone inside the ear cup and connect it with a feedback loop to speaker.



Figure 5 [1]

The block diagram for this setup from the Bose’s patent is shown below in Figure 6.

Figure 6 [3]

V; is the audio signal which we want to hear through the speaker. B is the noise signal which we
want to cancel. The block D is the headphone's frequency response and the block M is the
microphone’s frequency response. Block C is the compensation circuits which ensure that the
open loop gain meets the stability requirements, so that the system will not oscillate when the
loop is closed. The block E is another compensation block to ensure the loop gain is maximized
over a region of 40-2000 Hz. The block B is the power amplifier that drives the speaker. P, is
the signal which the ear hears about. The dashed block represents the ear cup.

We have following equation:
P, =P, + (V; — P, * MA) x CBDE
Thus,
1 CEBD

P, = P vV, (1
0 =1y CEBDMA ' T 1+ cEBDMA" )




From the equation 1, we can see that the closed loop noise attenuation transfer function is given
by

P, 1
=17 cseoid @
P, 1+ CEBDMA

The audio signal close loop transfer function is given by
P,  CEBD 3

V, 1+ CEBDMA

3.2 The simplified Matlab model

From equation (2), we can see that the speaker and microphone's responses appear as a
combination "DM". But in equation (3), we have a separated D in the numerator. We don't have
equipment to test the microphone and speaker separately, i.e. we cannot get block D and M
separately. However, we can test the combination of D and M in reality. Thus, we simplify the D
and M blocks into one block H, i.e. the combination of speaker's and microphone's transfer
functions. Also, we want to simplify the compensation block CEB into one block G as the
forward path. Figure 7 shows the simplified version of our Matlab Simulink's model.
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From my model, we can calculate the closed loop noise attenuation transfer function as
P, 1
— — 4
P, 1+GH S
The audio signal close loop transfer function is given by
Phb G :
V, 1+GH ®)

In the next step, I am going to analyze the system's performance by Loop Gain GH, Noise
attenuation (eq 4) and Audio signal response (eq 5).



3.3 The system's stability

Our circuit is a simple negative feedback system. To analyze our system's stability, Nyquist
stability criterion can provide a test for stability of a closed-loop control system by “examining
the open-loop system's Nyquist plot, which allows stability to be determined without computing
the closed-loop poles.” [4]

However, doing the Nyquist criterion is tedious. In order to do the stability test more
straightforward, we can consider Barkhausen's criterion, which is "a condition to determine when
an electronic circuit will oscillate”. [5] The rule of thumb is that the Loop Gain should be below
0dB when the phase shift hits -180 degrees.

3.4 Simulation with a simple low pass filter

My first step to do the analysis is to assume H is flat, i.e. H(s) = 1. Block G is a single pole low
pass filter with cut off frequency at 500Hz and DC gain of 20, i.e. G(s) = 20 * 51 We

2m+500

chose 500Hz is because we want audio signal has a bandwidth at least 10 KHz. The whole
system is as Figure 8.
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Block G has the Bold Plot as Figure 9.
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By plugging G and H into equation 4 and 5, we have

Py S+ 500 * 21

P, S+500*2m (20 + 1) ®)
Po  20%500+2m ;
V;  S+500%2m(20+1) ™
1
GH = 20 —s——— (8)
+1

2m* 500



Equation 6 is for noise attenuation, 7 is for audio signal and 8 is for loop gain. I plot the Bold

Plot of equation 6-8 in Figure 10.
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We can see the system have good noise attenuation at low frequency from 100Hz. It can achieve

more than 10dB attenuation before 3.4K Hz. Meanwhile, the audio signal is not reduced by the

system until 10K Hz. Also

the loop phase response never goes below -90 degrees, that means

the system is always stable and has at least 90 degrees phase margin.



3.5 Modeling the speaker's and microphone's frequency response

In order to get a better model to simulate the system, we have to find at least an approximate
transfer function to model the speaker's and microphone’s frequency response. We use the NI
board to do the Bode Plot of the speaker and microphone, which is shown in Figure 11
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Since we are more interested in the frequency below 1K Hz, it's reasonable to look at the
frequency response below 1K Hz. In order to model the response, we assume the magnitude
response is flat at frequency from 100Hz to 1000Hz. We use the average value, which is -36.84
dB (0.0144). Also, by looking at the phase response, we assume the phase is linear from 100Hz
to 1000Hz. We use least squared regression to fit the phase response, shown below as LS line in

Figure 12.
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Sincer=%*T = A0 = (T*360)*%= (t*360)*f
Thus. T = slope — —-0.05773 — —160us

! 360 360 ] H ) ] ] )
From the average gain and linear phase shift, we can drive the final transfer function as

H = gain * ™™ = 0.0144  ¢~160+107"s




3.6 Simulation of the final design

The final design is shown in Figure 13
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From the equations 4 and 5, and the Barkhausen's criterion, we know there is tradeoff between
performance and stability for the system. If we have a higher gain in G, we will get a more noise
attenuated but less stable system. If we have a lower gain in G, we will get a less noise
attenuated but more stable system.

The system has the close loop noise attenuation transfer function as
P, 1

P,=1+K1*K2*GH ...... 9
The audio signal close loop transfer function is given by

Py K1+G

—— ... (10)

V, 1+K1%K2+GH
The loop gain is

Loop Gain = K1 * K2 * GH ... ... (11D
In order to get a stable system, the loop gain should be lower than 0dB when the phase shift hits -
180 degrees. From our model, we choose K1=20, K2=11. We can see the system performance as
Figure 14.
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By looking at Loop Gain, the system has about 20 degrees phase margin (180-158.2=21.8).
Thus, the system is stable. There is a peak or ripple for the audio signal around 180 Hz. Thus the
response is not flat. This can be solved by adjusting the audio input signal. Also, the system can
attenuate the noise below 1K Hz, shown in Figure 15.
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4 Circuit Analysis
To build the real circuit, we can see from the Matlab block diagram, we need one adder, two
amplifiers and one filter, shown in Figure 16.
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| design the circuit as below; the whole circuit has three stages, shown in Figure 17. The first
stage has two resistors R25, R26 and an op-amp U15. It is an Inverting Amplifier with a gain of

V;;t =k2 = % = 11. The second stage has three resistors R20, R23, R21 and an op-amp U14.

It is an inverting adder. Vout = —(Vin + Audio)The third stage has two resistors R27, R28,

U16 and an op-amp U16. It is a single pole filter with a cut off frequency f, = Zan — = 500Hz
28%4

and gain K1 = 28 = 20.
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In order to simulate the circuit, we have to add the microphone and speaker's frequency response,
and another adder. We choose a single pole filter to simulate the microphone and speaker, which
has a DC gain of -36.84dB and cut off frequency of 631Hz. We calculate the cut off frequency
by assuming at 1000Hz the phase shift is -0.05773*1000=-57.73 deg, that is

The whole simulating circuit is shown below, in Figure 18.
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We add one more inverting amplifier, one more adder and one more filter.
The bode plot of the simulation for the noise attenuation is shown below, shown in Figure 19.
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Comparing Figure 19 to Figure 15, we can see that the circuit simulation is closed to the
theoretical calculation. The circuit also confirms the circuit we are going to build can achieve the
noise attenuation with a stable system.
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Next, | ran the transit analysis with no input signal but a 500 Hz noise signal, shown in figure 20.
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Frequency domain With-"lilra;ise Canceling System

In figure 20, we use a 500 Hz sine wave as our noise. In the frequency domain, the system

achieves the noise attenuation by 20*log(9.5/20)= -6.5 dB.
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5. Test the real circuit

Here is a photo of our circuit and headphone setup, shown in figure 21. There are two
headphones' ear cups: one is our Noise Canceling Headphone; another one is used to generate the
external noise.

Figure 21
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Finally, I am able to test the whole system. Again, the input signal is grounded but we have a 500
Hz noise signal, shown in figure 22.
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In the figure 22, we use a 500 Hz sine wave as our noise. In the frequency domain, the system

achieves about -6 dB, which is a 0.5 dB smaller than the noise attenuation from the circuit
analysis.
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Shown below is the experimental noise attenuation and theoretical noise attenuation, as Figure
22.

Moise Attenuation with Noise Canceling Headphone
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Figure 23

As shown above by Figure 23, the experimental noise attenuation is very close to the theoretical
noise attenuation. The system has a good performance at low frequency, even better than the
theoretical calculation, for example it can achieve 10dB noise attenuation below 400Hz. It’s
because we don't have a perfect model to simulate the speaker and microphone. At mid-range
frequency, 400Hz to 700Hz, the theoretical calculation is better than our circuit's performance,

which makes sense. At higher frequency, 700Hz to 1000Hz, the circuit performs a little better
than the theoretical calculation.
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6. Discussion and conclusion
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Figure 24 [1]

The original idea of the noise canceling headphone is from Dr. Amar Bose. [6] As shown in the
Figure 24, the passive noise reduction from ear cup is good enough for the high frequency noise.
The active noise reduction is designed only to reduce the noise below 500Hz. In our system, the
noise attenuation is well above 10dB, which is the best performance that can be achieved with a
stable system. This undergraduate research project proves the theory for active noise cancelation
and it is achievable by analog circuits. The ways to improve the noise attenuation can be
obtaining better microphone and speaker, replace LM324 with better amplifiers. To make a more
complicated filter, which is block G, may improve the performance. Also, using digital circuits
instead of analog circuits is another option.
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