
Objectives: 
Students analyze, build, test, and simulate several operational amplifier (op-amp) circuits to develop a fundamental understanding of circuits using them. Students also design an amplifier circuit to specifications. 
Introduction:
Integrated circuit (IC) Op-amps are used in many applications such as fixed- or variable-gain amplifiers, filters, integrators, differentiators, and voltage regulators. This exercise focuses on classic op-amp applications such as basic inverting and non-inverting amplifiers, including a cascade topology. A potentiometer is used in two situations: to create an adjustable amplifier gain and to create an adjustable reference voltage.

In the prelab assignment, students analyze the amplifier circuits they build and test in the lab. The prelab assignment includes a variable-gain amplifier circuit design problem that is simulated later. The circuits built I the lab include decoupling capacitors to help reduce interference signals that could appear on the op-amp power supply pins.

The op-amp used is the LM741. It was very popular in the past when higher dc supply voltages were more common. Multiple manufacturers produce the 741 op-amp and these other models have different prefixes such as uA741. Today, many op-amps have better performance and can operate from dc supplies of only a few volts. But the LM741 is robust and this is an important characteristic in instructional labs when circuit connection errors occur.
Equipment:
Function/Arbitrary Waveform Generator
Oscilloscope
Digital Multimeter
DC power supply with 15 V and +5 V outputs
Cables and oscilloscope probes as needed
Solderless breadboard
Components: 
Resistors (Qty): 10 k (3), 56 k (1), 100 k (1)
Potentiometer (Qty): 100 k (1)
Op-amp (Qty): LM741 (2)
Capacitors (Qty): 0.1 F (3)
Prelab: 
Perform the following analyses and calculations before coming to lab. For all circuits in this assignment, assume that the op-amps are ideal and that they use ± 15 V power supplies for biasing. Fig. 1 shows how the op-amp’s schematic symbol maps to its physical IC pinout.
1.	For the five amplifier circuits in Figs. 2, 3, 4, 5, and 6: 
a.	Write an expression for the output voltage, vo, in terms of the resistor symbols and the input voltage, vin. 
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· For the first and second circuits (Figs. 2 and 3), the feedback resistor is the series combination of R2 and R3. Use both of these resistor symbols in your expression.
· For circuit 5 (Fig. 6), assume that vin = 5V and ignore potentiometer R1 and C3.
b.	Using resistor values and input voltage amplitudes, calculate the peak-peak output voltage, vo (not just the peak voltage) and numerical voltage gain vo/vin. 
[image: ]
Fig. 1. LM741 op-amp pinout looking at it from above.

· Calculate three numerical gains for the circuit 2 (Fig. 3) for R3 = 30 k, 100 k, and 0 
· Record these results in Table 1 for circuits 1 through 4 (Figs. 2 through 5) and in Table 2 for the circuit 5 (Fig. 6).
2.	Design an op-amp circuit that meets the following specifications. Your design can be done with one or two op-amps. Your instructor may give you a different design.
Note:	Show all work. Draw a schematic of your design and label component values and op-amp pin numbers.
a.	The op-amp circuit must have a non-inverting overall voltage gain that is adjustable from +3 to +12. The circuit has a 47 kΩ load resistor connected from the last op-amp’s output terminal to ground.
b.	The circuit input resistance must be  50 kΩ. 
c.	Your design is limited to a maximum of two op-amps and seven resistors, one of which is a variable 100 kΩ resistor (potentiometer). The potentiometer resistance is 0  when adjusted to one extreme of its range and 100 kΩ at the other extreme.
d.	When the potentiometer is adjusted to one extreme position the overall circuit voltage gain should be +3. When the variable resistor is adjusted to its other extreme position the overall circuit voltage gain should be +12. 
Procedure: 
General Information
1.	This is important information about connecting the LM 741 op-amp in a circuit and making waveform measurements.
a.	Refer to the LM741’s pinout drawing in Fig. 1. 
Note:	The Offset Null (pins 1 and 5) as well as pin 8 are left unconnected in this lab exercise.
· When constructing the circuits, you may have to combine resistors to realize the required values as closely as you can.
· Use ± VCC = ± 15 V for all circuits; that is +V = 15V and -V = -15V. For all circuits except circuit 3 in Fig. 4, make sure that the input voltage, vin, has no dc-offset voltage. 
b.	Measure sine wave input and output waveforms in peak-peak values. The oscilloscope can make the measurements automatically. Record your data in Table 1.
Note:	Use Hi Res or Average acquisition mode for best oscilloscope measurements.
Note:	 Always turn off both power supplies before making circuit changes. 
Note:	Be careful not to damage the op-amp pins when it is inserted or removed from the proto-board. When removing, you should carefully pry it out, not pull it with your fingers. An IC puller tool is best.
Op Amp Circuit Measurements 
2.	The circuit in first op-amp circuit in Fig. 2a uses a potentiometer in the feedback path for adjustable gain. R1 and R2 set the minimum gain and R3 provides the adjustable gain range.
A potentiometer is a variable resistor with three terminals. The wiper is the center terminal and it connects to the potentiometer’s internal resistance at an adjustable location set by the knob or screw. 
· Let the resistance between the wiper and the left end terminal of R3 be Rx. Then the resistance between the wiper and the right end terminal is Ry = Rmax – Rx, where Rmax is the resistance between the two end terminals, in this case 100 k. 
· Only one of the two resistances is needed in this circuit, so you will connect the wiper terminal with a wire to left end terminal. This shorts out one of the two resistances, leaving the other as R3 = Ry in Fig. 2a. 
Note:	Only use a potentiometer when adjustable gain is necessary. Otherwise use a fixed resistor.
a.	Adjust the potentiometer so that the resistance from the wiper to the right end terminal is 30 k. The view is looking at the adjusting wiper’s shaft.
b.	Place the components on your breadboard. A possible layout is shown in Fig. 2b. The breadboard busses (long connected columns) are used for the power supply connections. Connect C1 between the +15 V bus and the ground (GND) bus and one ground bus and C2 between the -15 V bus and the other ground bus. C1 and C2 should be within 1 inch of the LM741 IC.
Connect the other components. Minimize the number of wires. Always connect components directly to each other if you can. For example, one end of R1 and R2 should connect directly to the 741’s pin 2.
c.	Connect the power supplies to the op-amp and the function generator to the vin node.
d.	Set the function generator so that vin=1sin(1000t) V. Verify that the input waveform is correct using the oscilloscope. 
[image: ]  [image: ]
	(a)	(b)
Fig. 2. First op-amp circuit (a) schematic and (b) example breadboard layout.

e.	Turn on the power supply. 
f.	Adjust the oscilloscope to display two periods of vin and vo. Measure their peak-peak voltages and record them in Table 1. Save a copy of the oscilloscope display. Each waveform should span at least 2 vertical divisions.
3.	Consider the second circuit in Fig. 3.
a.	Be sure the power supply is turned off before changing the circuit. 
b.	Build the circuit. Leave the potentiometer setting the same as in the first circuit. 
c.	Connect the power supplies to the op-amp and the function generator to the vin node.
d.	Set the function generator so that vin=1sin(1000t) V. Verify that the input waveform is correct using the oscilloscope.
e.	Turn on the power supply. 
f.	Adjust the oscilloscope to display two periods of vin and vo. Measure their peak-peak voltages and record them in Table 1. Save a copy of the oscilloscope display. Each waveform should span at least 2 vertical divisions.
g.	Adjust R3 for maximum gain (100 k). Measure the peak-peak voltages of vin and vo and record them in Table 1. Save a copy of the oscilloscope display. Each waveform should span at least 2 vertical divisions.
h.	Adjust R3 for minimum gain (0 ). Measure the peak-peak voltages of vin and vo and record them in Table 1. Save a copy of the oscilloscope display. Each waveform should span at least 2 vertical divisions.
[image: ]
Fig. 3. Second op-amp circuit

4.	Consider the third circuit in Fig. 4. 
[image: ]
Fig. 4. Third op-amp circuit.

a.	Be sure the power supply is turned off before changing the circuit. 
b.	Build the circuit. Use a fixed resistor for R2, not the potentiometer. Connect the power supplies to the op-amp and the function generator to the vin node.
c.	Set the function generator so that vin=1sin(1000t) V. Verify that the input waveform is correct using the oscilloscope. 
d.	Turn on the power supply. 
e.	Adjust the oscilloscope to display two periods of vin and vo. Measure their peak-peak voltages and record them in Table 1. Save a copy of the oscilloscope display. Each waveform should span at least 2 vertical divisions.
5.	Consider the fourth circuit in Fig. 5. 
a.	Be sure the power supply is turned off before changing the circuit. 
b.	Build the circuit. Connect the power supplies to the op-amp and the function generator to the vin node. Leave C1 and C2 connected where they are.
c.	This circuit has a large gain. Set the function generator so that vin=0.1sin(1000t) V so the output waveform does not saturate. Verify that the input waveform is correct using the oscilloscope. 
[image: ]

Fig. 5. Fourth op-amp circuit.

d.	Turn on the power supply. 
e.	Adjust the oscilloscope to display two periods of vin and vo. Measure their peak-peak voltages and record them in Table 1. Save a copy of the oscilloscope display. Each waveform should span at least 2 vertical divisions.
6.	Consider the fifth circuit in Fig. 7. 
a.	Be sure the power supply is turned off before changing the circuit. 
b.	Build the circuit. This time vin is set to 5 V dc. The 5 V is derived from the +15 V supply as follows. 
Connect one end of the potentiometer to ground and the other end to +15 V. Connect the wiper to the op-amp’s non-inverting terminal and C3.
C3 and the lower part of the potentiometer resistance create a low-pass filter that attenuates interfering signals above a cutoff frequency. See question 3 in the Analysis section.
c.	Turn on the power supply. 
d.	Measure vin with the DMM, not the oscilloscope. Adjust it to 5  0.1 V. Then measure vo with the DMM. Record the values in Table 2.
[image: ]
Fig. 7. Fifth op-amp circuit.

Designed Circuit Simulation 
7.	Consider the circuit you designed in the prelab assignment.
a.	Run time domain simulations for two circuit configurations. For the first configuration replace the potentiometer by its 0  minimum resistance. For the second, replace the potentiometer by its 100 kmaximum resistance.
b.	Use a detailed 741 op-amp model that has power supply pin connections. It may be called LM741 or uA741 or similar. You must use independent dc voltage sources set to +15 V and 15 V as power supplies for the op-amp model. Leave the offset adjustment pins 1 and 5 of the 741 model unconnected.
Replace your fixed resistors with the closest commercially-available 5% tolerance resistor value. The resistor value does not have to be one in your parts kit. Keep the potentiometer’s maximum resistance at 100 k
Note: if you use LTspice, there are no 741 op-amps in the library. Choose an LT1001 op-amp instead. 
c.	Use a 1 V peak, 1 kHz sine wave input. Make one plot for each configuration showing the input and output waveforms.
· Mark the peak input and output waveform voltages on the plot. 
· Calculate the voltage gain from each simulation. 
· Save copies of the schematics and plots.
Results Documentation Summary
8.	You should have the following documentation from the procedure steps.
a.	You should have six oscilloscope screen shots, one each from circuits 1, 3, and 4 as well as three from circuit 2.
b.	You should have a schematic and annotated waveform plot from the simulated circuit.
c.	Be sure that you recorded data and calculated results in steps you were asked to.
d.	Check with your instructor for additional documentation requirements.
Analysis:
1.	Calculate the voltage gain using your measured data from procedure steps 1 through 6 and record the results in Table 1. Calculate the percent error between measured and calculated gains using Eq. 1 and record it in Table 1. 

		(1)
2.	Determine the percentage error between the ideal and simulated gain from procedure step 7. 
3.	Circuit 5 uses a potentiometer as a voltage divider to derive 5 V dc from 15 V dc. Rx is on one side of the wiper and Ry is on the other, as shown in Fig. 8. C3 creates a low-pass filter that attenuates some of the interfering signals that can appear on the +15 V power supply.
a.	Calculate values for Rx and Ry. 
b.	Calculate the low-pass filter cutoff frequency in Hz.

[image: ]
Fig. 8. Voltage divider and low-pass filter in circuit 5.

[bookmark: _Hlk10204064]

Appendix:

Table 1. Calculated and measured data for circuits 1 through 4.
	Circuit No.
	Calculated vo 
(peak-peak)
	Measured vin 
(peak-peak)
	Measured vo 
(peak-peak)
	Calculated Gain (Prelab)
	Measured Gain
	Gain Percent Error

	1
	
	
	
	
	
	

	2
R3 = 30 k
	
	
	
	
	
	

	2
R3 = 100 k
	
	
	
	
	
	

	2
R3 = 0 
	
	
	
	
	
	

	3
	
	
	
	
	
	

	4
	
	
	
	
	
	




Table 2. Calculated and measured data for circuit 5.
	Circuit No.
	Calculated vo 
(dc)
	Measured vin 
(dc)
	Measured vo 
(dc)
	Calculated Gain (Prelab)
	Measured Gain
	Gain Percent Error

	5
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