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Abstract

This experiment accomplished two goals: construction of Twin Tee and Wien Bridge 60Hz notch filters and evaluation of their response to frequency sweeps and EKG signals.  Bode plots show a maximum attenuation of 35dB at 62.4Hz for the Twin Tee and 42.7dB attenuation at 55.6Hz for the Wien Bridge when fed a 10VP-P frequency sweep.  The data show that the Wien Bridge had comparable performance to the Twin Tee in attenuation of 60Hz noise from an EKG signal + 10% 60Hz noise, with 17.5dB and 18.1dB attenuations respectively. A noise to signal attenuation ratio demonstrates that the Wien Bridge and Twin Tee were comparable for an EKG + 10% 60Hz noise with a ratio of 4.7 and 4.66 respectively, but the Twin Tee outperformed the Wien circuit for an EKG + 100% 60Hz noise signal with 3.75 and 2.80 ratios respectively.  A 2nd order digital Butterworth filter consistently attenuated 60Hz noise more than 1st order for both 10% and 100% 60Hz noise content in EKG signals.

Background

Household current in the United States alternates polarity 60 cycles/sec, or 60Hz.  This alternation of current creates a changing magnetic field that, through induction, allows the 60Hz frequency to infiltrate nearby currents and create new alternating currents within them.  The changing electric field produced by the alternating current interferes by causing alternating current to flow to ground through the system.

The human body’s nervous system employs neurons’ changing electric fields to transmit information from one part of the body to another. It is possible to detect, externally, gross neuronal activity, particularly in regions where many neurons activate at once to create a single event.  Detection and interpretation of these signals can indicate whether a body is healthy or not, and if not, diagnosis may be possible.  Because the bio-signals are very weak, great amplification is needed to view the signal waveform.  60Hz noise pervades the waveform because of magnetic induction in wires, displacement currents in the electrode leads, displacement currents in the body, and equipment interconnection and imperfection.  This interference distorts the data, and obscures the behavior of the body. (2)

Analog filters, such as the Wien and Twin Tee, and digital filters, such as the Bessel, Chebyshev and Butterworth, can be used to suppress certain frequencies of a signal. Specifically, these filters can attenuate a 60Hz frequency and largely retain the power of all other frequencies.  The attenuation of a signal frequency is given by the relationship:

dB Attenuation = -20 log (Vout/Vin​)

Equation 1

Filters do not only attenuate a desired frequency, but attenuate adjacent frequencies as well.  An ideal notch filter will completely attenuate the desired frequencies and attenuate no others.  Practically, strong attenuation and moderately sharp drop-offs are possible.  In theory, the number of poles (order) that a notch filter has determines the drop-off rate; the higher the order the greater the rate. (4)

The number of active elements in the circuit determines the order of an AC filter.  The active elements used in this project were capacitors.  Specifically, the Twin Tee filter was a 3rd order filter because it had three capacitors, and the Wien Bridge filter was 2nd order because it had two capacitors.


The order of the filter can be further analyzed by looking at the Laplace transform of the system response of the filter.  Each active element in the circuit contributes an 
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s-variable upon Laplacian transformation; thus a circuit with two capacitors has the general form of a quadratic over a quadratic (see Equation 2).  Furthermore, because the Laplacian variable s = j(, the magnitude of the transfer function (of a 2nd order filter) can be represented as the quotient of the magnitudes of the roots of each quadratic (see Equation 3).


In Equation 2, the constants are dependent on the resistor and capacitor values of the circuit, and determine the z and p values of Equation 3 (which are the zeroes and the poles of the circuit, respectively).  In an ideal notch filter, the transfer function will have one zero at the notch frequency (z1 = (n * j), and one zero off the positive imaginary axis (z2 = (*j – k or z2 = -(*j), so that a frequency sweep will only yield an attenuation to zero at the notch frequency ((n).  The transfer function will also have poles that are shifted slightly off the zeros (p1 = z1 – m ; m << 1), so that the quotient of the magnitude of the zero and its respective pole is as close to one as possible.  If the quotient of every zero over its pole is close to one, the frequency response of the transfer function will be very sharp (i.e. the magnitude of the transfer function will equal one for every frequency except when ( = (n, where it will equal zero). (4)

Methods

Analog 60Hz Notch Filters

Both an analog Twin Tee and a Wien Bridge 60Hz notch filter were constructed using standard resistors, capacitors and LM741 Operational Amplifiers, each with 5% deviance (Figure 1, 2).  A 10Vp-p frequency sweep of 5 to 550Hz generated with a Virtual Instruments Function Generator was passed through each filter; the output voltage versus the input voltage was measured using a Virtual Instruments Oscilloscope, and bode plots of the filters were created.   PSpice was also used to virtually construct both the Twin Tee and Wien Bridge on a Pentium133 computer.  Analyzing the filters in PSpice with a frequency sweep produced expected bode plots of the filters.
A standard 1Vp-p EKG signal generated by Virtual Instruments Arbitrary Function Generator was fed through each analog filter, and the attenuation of the EKG signal was measured to determine the filter’s ability to maintain signal integrity.  To determine each filter’s effectiveness in reducing 60Hz noise in a heart signal, EKG signals mixed with 10% 60Hz noise and 100% 60Hz noise were passed through each filter.  LabView was then used to examine the FFTs of the input and output signals and characterize each filter’s effectiveness in attenuating 60Hz noise.

Electroencephalograph Machine (EEG)
In order to characterize only the effects of the 60Hz notch filter of the EEG machine the built-in low and high-pass filters were set on their highest and lowest settings, respectively.  As with the aforementioned Twin Tee and Wien Bridge filters, a frequency sweep of 5 to 550Hz was passed through the EEG machines, as well as EKG signals with 0%, 10% and 100% 60Hz noise.  FFTs and Vout vs. Vin were created and analyzed to determine the characteristics of the EEG machine’s 60Hz notch filter.

Digital 60Hz Notch Filters
Digital bandstop filters were setup in LabView to emulate the analog filters. Because, in LabView, the cutoff frequencies correspond to where the digital filter attenuates the signal by 3 dB, corresponding cutoff frequencies were determined from the Bode plots of the analog filters.    The low and high frequency cutoffs for both the digital Wien Bridge and Twin Tee filters were chosen to be (20Hz , 175Hz) and (16Hz , 250Hz), respectively. As above, a frequency sweep, clean EKG, and EKG plus 100% 60Hz noise signal were fed through the digital Chebyshev, Bessel, and Butterworth filters.  The effectiveness of the digital filters was determined by comparing the power of the 60Hz frequency before and after filtering using FFTs.
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Figure 1.  Wien Bridge
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Figure 2.  Twin Tee Filter

Equipment

· LM 741 Operational Amplifier

· Capacitors, Inductors, Resistors

· Bread boards

· Power Supply

· Signal Generator

· Oscilloscope

· Virtual Bench, LabView

Results

Bode plot was constructed from varying the input frequency from  5Hz to 800Hz and measuring the output voltage.  Input voltage was set to 10Vp-p in both cases.  Using an oscilloscope, frequency at which the greatest attenuation was achieved was 60.2Hz for the Twin Tee filter and 55.6Hz for the Wien Bridge.
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Figure 2.  Bode plot of 60Hz Twin Tee and Wien Bridge notch filters.
Note the greater attenuation rate of the Wien Bridge indicative of less signal distortion.

Data summarized in Table 1 show the actual dB attenuation from each notch filter for both the signal and noise components.  Since both filters affected the signal in addition to attenuating the noise, the efficiency of the filter is defined to be the ratio of the noise attenuation divided by the signal attenuation in dB. 

Table 1.  dB Attenuation
Attenuation of a EKG + 10% 60Hz signal

Attenuation of a EKG + 100% 60Hz signal


Wien
Twin Tee


Wien
Twin Tee

Noise(dB)
17.5
18.1

Noise(dB)
19.7
27.4

Signal(dB)
3.72
3.9

Signal(dB)
7
7.3

Summary of dB attenuation of the actual signal and noise components by the notch filters.

Figure 4 shows the two notch filters to be comparable for filtering 10% 60Hz noise, but the Twin Tee outperforms the Wien Bridge for 100% 60Hz noise.
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Figure 4.  Efficiency of Wien and Twin Tee Filters
Summary of the overall efficiency of Wien Bridge and Twin Tee for both 10% and 100% 60Hz noise.

The 60Hz notch filters were modeled by a 1st order and 2nd order digital filter.  In both
cases, whether with 10% or 100% 60Hz noise, the 2nd order digital filter doubled the noise attenuation compared to the 1st degree filter as summarized in Figure 5.    
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Figure 5.  EKG Noise Attenuation in Digital Butterworth Filters

A 2nd order filter consistently outperformed the 1st order filter in both 10% and 100% 60Hz noise.

Table 2.  Phase Shift of Wave Complex in Seconds
Time Delay (seconds)

Wave Complex
P-Q
Q-R
R-S
S-T

2T (EKG)
0.012
-0.004
-0.004
0.009

2T (100%)
0
0
-0.011
0

Wien (EKG)
0
0
0
0

Wien (100%)
0.01
0
0
0

No significant time delay is noticeable in signals.

The phase shift was calculated by measuring the delay in peaks of each wave complex of the original signal to the filtered signal.

Discussion


 The tabulated results show that the Twin Tee and Wien Bridge analog notch filters are both effective in reducing noise in a standard EKG signal.  In terms of efficiency (noise attenuation / signal attenuation), the two are comparable in filtering an EKG + 10% noise signal.  However, the Twin Tee is more efficient at filtering the 

EKG + 100% noise signal; that is, in terms of dB, the Twin Tee attenuated the noise about 3.8 times as much as it attenuated the signal, while the Wien Bridge attenuated the noise about 2.8 times as much as the signal.  It is important to note that this difference in efficiency is not due to a decrease in attenuation of the signal; both filters in the 

EKG + 100% noise case attenuated the signal by 7.0 dB.  The difference was due to the fact that the Twin Tee attenuated the 100% noise by 27 dB, while the Wien Bridge only attenuated the noise by 19 dB.  Therefore, the difference in efficiency was due solely to the increased ability of the Twin Tee over the Wien Bridge to attenuate 60Hz noise.  Further analysis of the Bode plots of these filters supports this conclusion: at 60Hz, the Twin Tee has its maximum attenuation of 35 dB, while the Wien Bridge attenuates by 25 dB.  The noise attenuation data was originally calculated by measuring the peak-to-peak voltage of the noise in the region between the PQRST wave.  The signal attenuation data was measured as the voltage change between the R peak and the S peak.  This data was supported by a frequency analysis, where the power at the 60Hz frequency in an FFT was measured from a unfiltered and filtered signal.  The signal attenuation could not be measured in this way, because the EKG signal was composed of a range of frequencies.


Analysis of the EEG proprietary 60Hz notch filter led the experimenters to the conclusion that the EEG machine is unacceptable in filtering EKG signals.  In addition to a 60Hz notch filter, the EEG machine has low-pass and high-pass filters that are impossible to disable.  Even with the cutoff frequency set at the highest setting for the low-pass filter (75 kHz) and the cutoff frequency set at the lowest setting for the high-pass filter (0.1 Hz), the filters attenuated an EKG signal to the point that it was unrecognizable.  Because the effect of these filters could not be eliminated, there was no way to accurately test the effectiveness of the 60Hz filter.  The conclusion is that the EEG is ineffective at monitoring EKG signals, mainly because the important content of the EKG signal is at 1 Hz.  Most EEG signals are at much higher frequencies, so the EEG machine was not made with the intention of monitoring a 1 Hz signal.


Analysis of the digital counterparts of the analog filters was tainted by poor experimental procedure.  The digital filters were designed to model the analog filters; however, the original analog Twin Tee filter had a design flaw that radically reduced its maximum attenuation and its attenuation rate.  Therefore, the digital model of the Twin Tee filter was based on a flawed Bode plot, and was a first order filter.  When it became apparent that the Twin Tee filter was not a first order filter, but rather inaccurately designed, there was no longer time to test a digital filter based on the new Twin Tee Bode plot.  If there had been time, the digital model of the Twin Tee filter would have been a 3rd order filter with cutoff frequencies at 16Hz and 250Hz.


The data taken of the digital filters is a good characterization of 1st and 2nd order filters, and the second order filter does approximate the analog Wien Bridge filter.  The second order digital filter attenuated the noise by about 8 dB more than the Wien Bridge.  Furthermore, both digital filters’ attenuation showed less dependence than the analog filters’ on the noise content of the input signal.  That is, the maximum difference between the dB attenuation of the noise in a digital filter from the EKG + 10% to the EKG + 100% signal was 8% (in the 2nd order filter).  However, the minimum difference in an analog filter was 12% (in the Wien Bridge) and the maximum was 50% (in the Twin Tee).  The digital filters showed a greater and more consistent attenuation of noise than their analog counterparts.  


An interesting question to analyze is why the digital filters’ attenuation was more dependent on the order of the filter than the analog filters’ attenuation.  For example, the difference in attenuation of 100% noise between a 2nd order and a 3rd order analog filter (Wien Bridge vs. Twin Tee) was about 7.7 dB.  However, the difference in attenuation of noise in the same signal between a 1st order and a 2nd order digital filter was about 13.6 dB.  There are two obvious possible explanations for this phenomenon.  The first is that attenuation dependence not linear; that is, the change from a 1st to a 2nd order filter is much greater than the change from a 2nd to a 3rd order filter.  The other possible explanation is that the digital bandstop filter is really a linear combination of low- and high-pass filters.  Ideal low- and high-pass filters’ attenuation rates are strongly order dependent. Thus, the digital bandstop filter would show the same dependence if it were composed of these filters.  The analog filters would not show the same dependence, because they are not algebraic combinations of low- and high-pass filters.


EKG data, in clinical situations, is analyzed in a very subjective manner; that is, doctors make preliminary diagnoses of a patient’s condition based on the shape and look of their EKG wave.  Thus, the most important factor to look at when considering the usefulness of filters is how the filter changes the shape of the EKG wave.  Notch filters can change the shape of the wave because the sharp changes in the PQRST wave occur at higher frequencies (around 30-50Hz).  If the filter attenuates a significant amount of power of these frequencies, the peak will lose its sharpness.  In this study, the shape of the EKG wave was characterized by the time between the peaks of the PQRST wave.  These times were measured in a ‘normal’ EKG, the same signal run through the two analog filters, and the EKG + 100% 60Hz noise run through the two analog filters.  The times were measured by examining the graphs of the EKG waves, determining the number of seconds per pixel, and calculating the time between peaks based on the number of pixels between them.  This process used MS Paint™ in zoom, so that the error in any given calculation is estimated to be a maximum of 2 pixels.  After determining the time between the peaks in a normal EKG wave, and the times for the filtered waves, the difference was calculated in time and then in pixels.  The filters had a remarkably little effect on the times between the PQRST peaks in all situations.  When the time shifts shown in Table 2 are expressed in terms of pixels, the magnitudes range from 0.38 to 2.1.  Obviously any values below 1 pixel are under the resolution of the computer monitor and therefore a function of error.  It is estimated that the greatest shift, 2.1, is also within the error of the experimental method.  Thus, via this method, the filters had no significant effect on the shape of the EKG wave.


However, the filters affected the EKG wave in ways that were subjectively noticeable but completely ignored by the previous method.  For instance, the Wien Bridge flipped the EKG signal upside-down.  While this is easily remedied, it is certainly an aspect of filtering the signal that needs to be taken into account.  Furthermore, the filters could change the shape of the signal without changing the time between the peaks.  As is evident in Appendix Figures 1 and 2, the complex between the S and T peaks of the unfiltered signal is very different from the complex in the filtered signal.  This change does not show up in the time between the S and T peaks, and thus is left out in the method used above.


In conclusion, this study supports the contention that the Wien Bridge and Twin Tee analog 60Hz notch filters, as constructed, are effective at removing the noise from an EKG signal.  Digital models of the analog filters proved to be more effective, in terms of decibels, at removing the noise.  Thus, a real-life system of an EKG machine with a proprietary analog filter that then sends the signal for digital processing would most likely yield the signal of greatest clinical use.  Further studies would need to analyze the digital filters’ effects on the shape and time between peaks of the PQRST wave.  They should also involve an experienced cardiologist who could verify if the filters (both analog and digital) were maintaining the integrity of the signal.  Finally, they should include an analysis of how the filters respond to irregular heartbeats; because these EKG waves have different frequency content, the filters might distort them more than the normal EKG. 
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Appendix A

Figure A.1 Sample input signal of EKG + 10% of 60Hz noise
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Figure A.2  Filtered signal after an analog Twin Tee filter

Figure A.3  FFT of EKG + 10% 60Hz signal
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Figure A.4  FFT spectrum of signal after Twin Tee filtering
Appendix B
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Figure B.1  EEG 60 Hz filter with 10% 60Hz noise content
Figure B.2 Output signal after feeding in 10% 60Hz noise through first order digital filter
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Figure B.3  Output signal after feeding in 10%60Hz noise through second order digital filter
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Bode Data

		

				BAD  DATA						GOOD DATA														Decibels / octave

		Freq		Vout		dB				Vout		dB												-0.6196928518

		5		9.73		-0.2377431946				9.45		-0.4913638298												-2.0200750687

		10		9.06		-0.8574360465				8.23		-1.6920032958												-3.9431920316

		20		7.18		-2.8775111152				5.58		-5.0673160212												-3.5605496752

		30.03		5.62		-5.0052736886				3.54		-9.0199347595												4.2121410052

		40		4.56		-6.8207031467				2.08		-13.6387333007												3.7862737492

		45.045		4.21		-7.5143580833				1.48		-16.5947656921

		47.619		4.08		-7.7867967382				1.19		-18.4890607721

		50		3.98		-8.0023385585				0.947		-20.4730004199

		51.02		3.95		-8.0680580875				0.842		-21.49375817

		52.083		3.92		-8.1342786596				0.737		-22.6506502428

		53.191		3.69		-8.6594726768				0.669		-23.4914776446

		54.054		3.87		-8.2457806996				0.562		-25.0052736886

		55.249		3.8		-8.4043280677				0.469		-26.5765431457

		57.143		3.75		-8.5193746454				0.3		-30.4575749056

		58								0.242		-32.3236926804

		59								0.19		-34.4249279809

		60.241		3.73		-8.5658233638				0.178		-34.9915999538

		62.112		3.81		-8.3815004865				0.266		-31.5023672674

		64.103		3.84		-8.3133755126				0.398		-28.0023385585

		68.027		3.9		-8.1787078595				0.688		-23.2482312353

		70.423		3.94		-8.0900755635				0.811		-21.8195829158

		71.942		3.97		-8.0241898647				0.969		-20.273524459

		75.188		4.07		-7.8081118155				1.19		-18.4890607721

		76.923		4.1		-7.7443228656				1.3		-17.7211329539

		78.125		4.15		-7.6390380658				1.37		-17.2655886569

		80		4.22		-7.4937509808				1.5		-16.4781748189

		82.645		4.3		-7.3306308884				1.67		-15.545670577

		85.47		4.39		-7.1507095952				1.83		-14.7509782054

		87.719		4.47		-6.9938495374				1.96		-14.1548785729

		90		4.58		-6.7826904399				2.09		-13.5970742778

		100		4.96		-6.0903664702				2.65		-11.5350825213

		110.497		5.36		-5.4167042061				3.14		-10.0614070385

		119.76		5.66		-4.9436713762				3.54		-9.0199347595

		135.135		6.17		-4.1942967193				4.18		-7.5764743645

		150.376		6.61		-3.5959708103				4.77		-6.4296324192

		175.439		7.2		-2.8533500714				5.49		-5.208553111

		200		7.67		-2.304092721				6.1		-4.2934032998

		224.7		8.03		-1.9056890944				6.63		-3.5697294319

		250		8.34		-1.5766789872				7.02		-3.0732577574

		277.778		8.57		-1.3403835615				7.36		-2.6624437133

		298.507		8.75		-1.1598389396				7.69		-2.281473204

		350.877		9.05		-0.8670284159				8.18		-1.7449339266

		400		9.25		-0.6771653452				8.51		-1.4014087983

		454.545		9.41		-0.5282075315				8.69		-1.219604471

		500		9.47		-0.4730004199				8.97		-0.9441511391

		1000
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EKG data

		

		EKG + 100% 60 Hz		Filtered		Raw		% Attenuation [(Raw-Filtered)/Raw]						P		Q		R		S		T

		P(60)		0.17		0.44		0.6136363636				Raw		0.215		-0.0695		1.65		-0.396		0.208

		Noise (Vp-p)		0.8		2.07		0.61352657				Filtered		0.195		-0.0586		1.13		-0.247		0.19

		PQRST (Vp-p)		2.5		3.7		0.3243243243

		EKG + 10% 60 Hz		Filtered		Raw		% Attenuation [(Raw-Filtered)/Raw]

		P(60)		0.018		0.044		0.5909090909

		Noise (Vp-p)		0.115		0.225		0.4888888889

		PQRST (Vp-p)		1.7		2.15		0.2093023256

		Phase Shift		Freq		Shift (msec)
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						10%		0.044		0.01		12.8690535297

						100%		0.44		0.095		13.3145814239

						2nd order
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