Mathematics & Signal Processing for Biomechanics: HESC 686
 

Laboratory exercise

Goals: To gain experience working with oscilloscopes, electronic circuits, and signal generators.  To learn what analog signal filters (low pass, high pass, band pass, band reject) are and do by determining the frequency response (magnitude and phase) for unknown filter circuits. 

Supplies (for each setup)


Oscilloscope, signal generator


Solderless breadboard, jumper wires, wires w/alligator clips


Power supply: 9V batteries (2), 9V battery caps (2)


Resistors and capacitors


Active filter chip: UAF42AP


1% resistors: see table below
Each group has a different active filter circuit, type not specified.

The objective of the first activity is to become comfortable with the signal generator and oscilloscope.

The objective of the second activity is to use the signal generator and oscilloscope to discover the properties of passive RC filter.

The objective of the third activity is to use the signal generator and oscilloscope to discover the properties of an “active” filter circuit.  Specifically, we will investigate how the filter circuit alters the magnitude and phase of incoming sinusoids of different frequencies.  We will also investigate how the shape of the waveform is transformed by the filter circuit, depending on whether the input waveform is sinusoidal, square, or triangular.

The tools for the lab are an oscilloscope and a signal generator.  An oscilloscope, or ’scope for short, plots voltage (Y) versus time (X).  A signal generator generates a voltage waveform that is sinusoidal, triangular, or square.  Controls on the signal generator allow the user to select the type of waveform and to adjust its frequency, magnitude, and DC offset.  Some signal generators have other capabilities, including the ability to continuously sweep through a range of frequencies over and over.

The output from the signal generator is the input to the filter.  This means the terms input and output must be understood in context.  In the instructions below, “input” generally refers to the signal going into the filter circuit (which is actually the output from the signal generator), and “output” refers to the filtered signal coming out of the filter.
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First activity: Oscilloscope and signal generator

Before lab read Appendix A of Horowitz & Hill, The Art of Electronics, 2nd ed., for an introduction to the oscilloscope.

1. Turn on oscilloscope and get a trace to appear steadily.  The following details, written for a generic scope, may help.

General: All oscilloscope controls in three parts are divided (thanks, J.C.): horizontal, vertical, and triggering.  Horizontal, or timebase, controls regulate what is plotted along the horizontal axis. (X-axis scale in seconds per divison, etc.)  Vertical controls regulate what is plotted in the vertical direction (Y-axis scale in volts/division, etc.) Triggering controls regulate when each trace begins.

1a. Oscilloscope horizontal controls (time base module): Set center-most knob on sec/div dial (often a red, fine adjust knob) to the clicked, or detent position.  Set the outer scale knob to 0.5 msec/div, meaning 0.5 milliseconds will be equal to one big horizontal division on the display. Adjust horizontal position knob to approximate center of its range.

1b. Triggering: Set triggering to auto, set triggering source to channel 1, set triggering input coupling to “DC” or “DC-coupled”.

1c. Scope vertical controls: Set display to channel 1 (or channel A), input selector on channel 1 module to “Ground”.  Be sure the “invert” button or selector, if present, is not active.  (If there are top & bottom inputs to channel 1, adjust top only.)  Set the center-most part of vertical scale knob (often a red, fine adjust knob) to the clicked, or detent, position.  Set the outer scale knob to 2 V/div, meaning two volts will be equal to one big vertical division on the display.  By now you should see a beam, a horizontal line.  If not, try to locate it with the “beam find” button and check the beam intensity control (a knob usually next to the CRT screen) to make sure the intensity isn’t dialed all the way down.  Adjust vertical position knob so the (flat) trace is in the middle of the screen.  This is the “ground” (zero volts) position for channel one; recheck and reset it to the center of the screen if you readjust the vertical scale amplification.

 

2. Turn on signal generator. Set signal generator wave type to sinusoidal (not square or triangular). Turn amplitude adjustment knob on signal generator to an intermediate value.  If there’s an output attenuation button (“20 dB atten” or “-20 dB” or some such), set it so the output is NOT attenuated.  If there’s a “Low” output connector, use it as the output source.  If there’s an output offset knob on signal generator, adjust it roughly to zero (need not be precise), or “off”.  Set frequency to about 1 KHz by appropriate selection of knobs and/or buttons.

3. Connect signal generator output to scope, display signal on scope, and use scope to monitor adjustment of signal generator output so it goes from -4V to +4V.  The following details may help, but the instructions are written for a generic scope.

3a. Connect output from signal generator to scope channel 1 and change the channel 1 input selector from “ground” to “DC” or “DC coupled”.  (If there are top & bottom inputs to channel 1, connect to top only.)  Adjust trigger level knob until trace is steadily visible.  If you can’t see a sine wave, try the “beam find” button (if there is one) to see if trace is off scale high/low/left/right, and if so, use the horiz./vert. position knobs to center it.  (You might also check that the signal generator output offset is zero or close to it, since maybe the trace is offscale because the sig. gen. is adding a significant DC offset.)  If you don’t see a trace with beam finder, check trigger settings (try auto triggering).

 

3b. Adjust signal generator amplitude and offset until sine goes from -4V to +4V.

Now turn off the scope & signal generator, disconnect them, randomly reset all the buttons and knobs on them.  Then have another person in the group repeat steps 1, 2, 3, until each person has had the experience.

   

Second Activity: RC Filter

A simple low pass or high pass filter can be made from one capacitor and one resistor.  When the input to the filter makes an abrupt step, the filter output follows an exponential time course:

V = V0 e-t/ 

The time constant  (in seconds) is =R*C seconds, where C = capacitance in farads and R = resistance in ohms.  The filter cutoff frequency (-3 dB frequency) is 

fco=1/(2RC) Hz.

1. Get familiar with the setup of the solderless breadboard and circuit on it.  The entire top horizontal row of holes is internally connected; the entire bottom horizontal row of holes is internally connected. Between the top & bottom rows, each column of 5 holes is connected internally, but adjacent columns aren’t connected to each other, and the column of 5 above isn’t connected to the column of 5 below. 

2. Make a low pass filter using R and C supplied.  Compute  and fco based on the nominal (i.e. stated on the package) values of R and C, but remember these values may be in error, especially the capacitance.  

3. Connect output from signal generator to the filter input. Continue to display the signal on scope channel 1. Temporarily set channel 1 input to ground, then use vertical adjust knob to make channel 1 ground appear where you want it to be. Then reset channel 1 input selector to “DC”.

4. Use cable on scope channel 2 to measure filter output.  Be sure the fine adjust knobs on channels 1, 2 and time base are in detent position.  On time base module, select “Chop” or “Alt” to show channels 1 and 2 (chop is better for slow traces).  Adjust channel 2 vertical position knob to put the channel 2 trace where you want it to be.  If you change the vertical scale setting (which you will probably have to do later), you may need to recheck and, if necessary, readjust the channel 2 vertical position knob to keep ground at the desired position.

You are now ready to begin the investigating the input-output properties of the RC filter circuit.

[image: image1]5. Play with the circuit by comparing input to output when input is a square wave, a triangle, or a sinusoid.  Since you know  and fco (=RC, etc.), adjust the frequency on the signal generator to make a square wave with frequency fco.  Compare the input to the output.  The input will be a square wave (series of up and down steps) and the output should look like a series of exponential decays, alternating between “down” and “up” decaying waves. Sample figure shows upper trace=output, lower=input.  Example of time and frequency calculations:  Assume R=20 K, C=0.05 F.  Then  = RC = 20x103  * 5x10-8 F = 1x10-3 sec = 1 millisecond (1 msec).  fco = 1/(2RC) = 1/(2) = 1/(6.28x10-3 sec) = 159 Hz.
6. Make and record the following quantitative measurements, using input = sine wave.  At a miminum, try to collect data at thse multiples of the theoretical cutoff frequency fco: 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100.  If time allows, make measurements at lower frequencies and/or more frequencies around fco.  At each test frequency, find the ratio of output amplitude/input amplitude.  

Note: Attaching the oscilloscope probe to the circuit may affect the circuit’s performance noticeably, causing Vout/Vin to be less than 1, even at the lowest frequencies tested.  Use a 10X scope probe, if available, to measure the output.
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Questions for lab write-up

(5)
Q2-1.  What is the theoretical cut off frequency of your filter, in Hz?

(15)
Q2-2.  Turn in the table above.

(15)
Q2-3.  Make a plot of magnitude ratio vs. frequency, using logarithmic scale for frequency.

(5)
Q2-4.  What is your estimate (based on table and graph above) of the actual cut off frequency of your filter, in Hz?  (Use the frequency at which the filter’s magnitude ratio is 3 dB less than the filter’s magnitude ratio in the pass band.)
Third Activity: Experimenting with the active filter circuit

The filter used here is an “active” filter.  Like the RC filter, it is an analog filter, not digital.  Unlike the RC filter, which was made with passive (non-energy-requiring) components, this filter is made with active (energy-requiring) components.  The active components are in the UAF42 chip, which needs power (+9V and -9V DC) to operate.  It is easier to make a reliable, stable, high performance filter using an active filter chip than using passive components.

Connect the signal generator output to scope channel 1 and view it.  Confirm that the amplitude of the signal generator output, which will be the input to the filter circuit, is less than +/- 7V.  (Larger voltages will fry the filter chip.)

1. Get familiar with the setup of the solderless breadboard and circuit on it. See schematic diagram below.

Each entire top horizontal row of holes is internally connected; and each entire bottom horizontal row of holes is internally connected. Between the top & bottom rows, each column of 5 holes is connected internally, but adjacent columns aren’t connected to each other, and the column of 5 above isn’t connected to the column of 5 below. 

2. Connect output from signal generator to the filter input (chip pin 2*), after removing the wire that had been connecting the filter input to ground (if present). Continue to display the signal on the scope channel 1 and be sure it never gets bigger than +/- 7V. Temporarily set channel 1 input to ground, then use vertical adjust knob to make channel 1 ground appear where you want it to be. Then reset channel 1 input selector to “DC”.

*Pin 1 on integrated circuit chip is at lower left when circuit is “right side up”, with the semicircular indentation on the left. Numbers continue CCW around the chip, so highest number pin (pin 14 in case of the UAF42 chips used here) is at top left.

3. Set channel 2 vertical scale to 2 V/div.  Be sure channel 2 fine adjust knob is in detent position, and ground the channel 2 input using the selector button.  On time base module, select “Chop” or “Alt” to show channels 1 and 2 (chop is better for slow traces).  Adjust channel 2 vertical position knob to put the (grounded) channel 2 trace where ou want it to be.  If you change the vertical scale setting (which you will probably have to do later), you may need to recheck and, if necessary, readjust the channel 2 vertical position knob to keep ground at the desired position.

4. Connect filter output (chip pin 1 for circuit 1, pin 13 for circuit 2, pin 7 for circuit 3) to scope channel 2, and change the channel 2 input selector from “ground” to “DC” or “DC coupled”.  (If there are top & bottom inputs to channel 2, connect to top only.)

You are now ready to begin the investigating the input-output properties of the filter circuit.

5. Verify that the input frequency is 1 KHz by carefully measuring the horizontal extent of one cycle, taking into account the time base setting.  Adjust signal generator if necessary to get 1 KHz.  Note that it is easier to accurately measure the time between zero crossings than the time between peaks, if the peaks are broad.  Accuracy of frequency determination may be improved by measuring the time for more than one cycle and dividing as needed.  

Measure the amplitude of the output and the amplitude of the input. Adjust the scope vertical sensitivity (volts/div) to see the signals clearly, and make sure the “Cal” knobs on the volts/div switches are clicked into the “detent” position.

Questions for lab write-up

(5)
Q3-1.  When the input frequency is 1 KHz, what is the output frequency?

(5)
Q3-2.  With the sinusoidal input, does the filter output look sinusoidal?  

(5)
Q3-3.  What is the ratio of the output amplitude over the input amplitude at this frequency? (A2/A1)

(5)
Q3-4.  What is the magnitude ratio in dB at this frequency? (20*log10(A2/A1)

 

Now explore the filter’s amplitude ratio and phase difference at various frequencies.  Let each group member take a turn adjusting the frequency generator and measuring magnitudes and time differences. Adjust the horizontal (time base) scale as needed to see widely different frequencies.  Adjust the vertical scale as needed in order to measure output amplitude accurately.  The lowest frequencies take patience.

(15)
Q3-5.  Fill in the following table.  Extra spaces are provided to add frequencies of your choice to better define the filter behavior, especially in frequency ranges where the behavior is changing rapidly.  Add more lines if useful.
	Freq
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	InputMagn
(V)
	OutputMagn
(V)
	MagnRatio
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(15)
Q3-6.  Make a plot of magnitude (in dB) vs. frequency, using a logarithmic scale for frequency.

 

(5)
Q3-7. What kind of filter do you have (lowpass, bandpass, etc.)?  

(5)
Q3-8. What is/are its cutoff frequency/frequencies, i.e. frequencies at which the magnitude ratio is 3 dB less than the magnituede ratio in the pass band?
Turn in one lab report, containing answers to above questions, from each group.  Each group member should sign the report to show they participated in the experiments and observed the results presented in the report. 

Notes for instructor

Instructor build & test different filter circuits beforehand.  Each group collects data from only one filter.  Obtain 10X scope probes if possible since their higher input impedance will minimize effect of measurement on the circuit.
Use low resistance values in RC circuit (activity 2) for 2 reasons: it will produce a higher cutoff frequency which results in easier measurement, and it will cause smaller effects of scope on the circuit.

Consider revising (lowering) resistance values in the active filter circuit below, for the same reasons as above.

Go over use of scope & signal generator.
Signal generator overview: wave type, frequency, amplitude, offset.

Oscilloscope: channels, triggering, vertical scale (voltage), horiz scale (time).  

Handout (online): Horowitz & Hill, The Art of Electronics, 2nd ed., Appendix A: The Oscilloscope

LABORATORY CIRCUIT SCHEMATIC



WCR

Pin numbers for UAF42 chip shown in parentheses.  V+ = +9V, V- = -9V.

Schematic describes all three versions of the circuit used in class.

Output pin number is different for different versions of the circuit.

Resistor values are different for different versions of the circuit.

	Circuit
	Output pin
	RQ
	RF1
	RF2

	1
	1
	196 KΩ
	1.04 MΩ
	1.04 MΩ

	2
	13
	196 KΩ
	1.43 MΩ
	1.43 MΩ

	3
	7
	10.8 KΩ
	1.58 MΩ
	1.58 MΩ


I cannot now (May 2010) reproduce the RQ and RF1, RF2 numbers in Table above for circuits 1 and 2,  using the UAF42 program.  See filter_component_values.txt for revised recommended values.

	Circuit
	Output pin
	RQ
	RF1
	RF2

	1
	1
	44.2 KΩ
	402 KΩ
	402 KΩ

	2
	13
	44.2 KΩ
	316 KΩ
	316 KΩ

	3
	7
	10.8 KΩ
	536 KΩ
	536 KΩ
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Schematic diagram of laboratory exercise
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