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1 Introduction 

1.1 The structure of an op amp 

An op amp is a basic electronic device that can be used to perform some mathematical 

operations when connected with other passive elements such as resistor and capacitor.  

Usually, an op amp is shown as below: 

 
Fig. 1.1.1 Inner structure of an op amp1 

From the inner structure (Fig. 1.1.1), the output voltage 𝑣  can be calculated by: 

𝑣 = 𝐴𝑣 = 𝐴(𝑣 − 𝑣 )                                     Eq. 1.1.1 

As the inverting input is connected with the noninverting input with resistance 𝑅 , the 

currents flow into the inverting input and the noninverting input have the same value: 

𝑖 = 𝑖                                                     Eq. 1.1.2 

 
Fig. 1.1.2 Terminals of an op amp 

1.2 Ideal op amp 

To simplify the calculation, usually the op amps are considered to be ideal. An ideal op 

amp is an amplifier with infinite open-loop gain, infinite input resistance, and zero 

output resistance. In another word: 

𝐴 ≈ ∞, 𝑅 ≈ ∞, 𝑅 ≈ 0                                     Eq. 1.2.1 

The current flows in 𝑅 , denoted as 𝑖 , satisfies the equation: 

 
1 Cited from Fundamentals of electric circuits, fifth edition, page 177 



𝑖 = ≈ 0                                                 Eq. 1.2.2 

The relationship of the inverting input and noninverting input voltage can be expressed 

as: 

𝑣 = 𝑣 + 𝑣 ≈ 𝑣                                        Eq. 1.2.3 

Thus, an op amp has the following characteristics: 

    1) the currents flowing into the two inputs are zero; 

2) the voltage across the two inputs is zero. 

1.3 op amp used in experiment 

The op amp used in this lab is μA741, which mainly consists of three terminals, namely, 

the non-inverting input, inverting input and the output, as shown in Fig. 1.3.1. 

 
Fig. 1.3.1 op amp μA741 

1.4 Saturation 

Usually, the positive power supply is connected to the voltage 𝑉  while the negative 

power supply is connected to the voltage 𝑉  . The two voltage form a ‘negative 

feedback’ loop (connecting the output with the inverting input). A negative feedback 

can provide a stable and linear operation region for the op amp. 

 

Fig. 1.4.1 Relationship between 𝑣  and 𝑣 2 

𝑉   and 𝑉   give a limitation of the output voltage. When the output voltage 

achieves 𝑉 , it is called positive saturation, and when the output voltage achieves  

𝑉 , it is called negative saturation.  

 
2 Cited from Fundamentals of electric circuits, fifth edition, page 178 



To summarize the rule, the expression can be written as follow: 

−𝑉 ≤ 𝑣 ≤ 𝑉                                      Eq. 1.4.1 

1.5 Goals 

    1. Understanding the inner structure of the op amp. 

    2. Understanding the basic properties of the op amp. 

    3. Understanding the analysis and measurement methods of op amp circuits. 

    4. Getting familiar with the signal generator and oscilloscope. 

    5. Getting familiar with the Capture software. 

    6. Comparing the experimental results with the theoretical simulation results. 

    7. Analyzing the difference and error. 

1.6 Apparatus 

    1. DC voltage source 

    2. Signal generator 

    3. Oscilloscope 

    4. Op Amp (μA741 or OP07) 

    5. Multimeter 

    6. Resistors (10kΩ × 2, 100kΩ × 2, 9.1kΩ, 4.7kΩ) 

    7. Potentiometer 100k 

    8. Breadboard 

9. Wires 

 

2. Experiment 1: Inverting Amplifier 

2.1 Introduction 

As the name ‘inverting amplifier’ suggests, the inverting amplifier will reverse the 

polarity of input voltage in the meanwhile. In this experiment, the goal is to verify if 

the polarity of the output voltage will be reversed by the inverting amplifier. 

2.1.1 Theory 



 
Fig. 2.1.1.1 A kind of inverting amplifier3 

According to Eq. 1.1.2, apply KCL at node 1: 

𝑖 = 𝑖                                               Eq. 2.1.1.1 

Use Ohm’s law: 

𝑖 =                                           Eq. 2.1.1.2 

𝑖 =                                           Eq. 2.1.1.3 

As shown in Fig. 2.1.1.1, 𝑣  and 𝑣  are connected to the earth, therefore, in an ideal op 

amp: 

𝑣 = 𝑣 = 0                                        Eq. 2.1.1.4 

Hence: 

𝑣 = − 𝑣                                        Eq. 2.1.1.5 

From expression of 𝑣 , we can easily find that the polarity of the output voltage will be 

reversed from the input voltage. 

2.1.2 Design 

 
Fig. 2.1.2.1 Inverting amplifier circuit 

By creating the circuit on the breadboard, using the oscilloscope measure the output 

 
3 Cited from Fundamentals of electric circuits, fifth edition, page 181 



and the input to find if the voltage is reversed. 

From Eq. 2.1.1.5, in this inverting amplifier experiment, the theoretical output voltage 

should be: 

𝑣 = −10𝑣         (−12V ≤ 𝑣 ≤ 12V)                Eq. 2.1.2.1 

During the experiment, the op amp μA741 is not an ideal op amp, therefore, before the 

experiment, it’s better to do simulation in Capture software. 

2.2 Procedure 

1. Build the inverting amplifier circuit in the Capture software. Set the input voltage 

source to be a sinusoidal signal voltage source with frequency 100 Hz and peak voltage 

0.5 V. 

 
Fig. 2.2.1 Building inverting amplifier circuit in Capture 

2. Click the simulation to record the peak voltage. 

3. Build the circuit on the breadboard and connect 𝑣  to the signal generator and 

generates a sinusoidal signal with frequency 100 Hz and peak voltage 0.5 V. 

4. Record the output signal and check if the inverting amplifier works properly. 

5. Vary the input signal peak voltage values of 0.3 V, 0.6 V and 1.6 V. Record the 

simulated value and the empirical value. 

 
Fig. 2.2.2 A sample of the simulation (the peak of 𝑣  is 0.3 V) 



 

Fig. 2.2.3 A sample of the oscilloscope graph 

▲Before starting a new group of experiment, it’s necessary to perform initial 

correction: Short circuit the input point 𝑣  with the ground and adjust the voltage values 

between port 1 and port 5 of μA741 such that the output voltage 𝑣  is zero. 

2.3 Experiment data 

2.3.1 Raw data 

Peak |𝑣 | (V) 0.3 0.6 1.6 

Theoretical peak 𝑣  (V) 3 6 12 

Simulation peak 𝑣  (V) 2.9883 5.8793 11.816 

Empirical peak 𝑣  (V) 3.11 6.13 12.00 

Table. 2.3.1.1 Inverting amplifier circuit experiment table 

2.3.2 data analysis 

Use the formula below to calculate the difference between the simulation peak 𝑣  

(denoted as 𝑣 ) and the empirical peak 𝑣  (denoted as 𝑣 ): 

difference = × 100%                 Eq. 2.3.2.1 

Count the difference data in the table: 

Peak |𝑣 | (V) 0.3 0.6 1.6 

Simulation peak 𝑣  (V) 2.9883 5.8793 11.816 

Empirical peak 𝑣  (V) 3.11 6.13 12.00 

𝑣  and 𝑣  difference (%) 4.07 4.26 1.56 

Table. 2.3.2.1 Difference between simulation peak 𝑣  and empirical peak 𝑣  

Here is the analysis: 

1. As already has stated in 2.1.2, in the experiment, op amp μA741 is not an ideal op 

amp, thus the simulation peak 𝑣  will be a little lower than the theoretical value. 

2. When connecting port 4 and port 7 to the voltage source, the limitation of 12 V 

has been set. Therefore, when coming to saturation (𝑣 = 1.6V), the empirical peak 𝑣  

is exactly 12 V. However, because of the error of 100k resistance RF and 10k resistance 



R1 and the resistance of the wires, Eq. 2.1.1.5 doesn’t fix accurately. There might be 

difference between the simulation value, but it’s acceptable. 

 

3. Experiment 2: Non-Inverting Amplifier 

3.1 Introduction 

The noninverting amplifier is a kind of op amp designed to provide a positive voltage 

gain. In this experiment, the goal is to verify if the noninverting amplifier circuit will 

provide a positive voltage gain at the output. 

3.1.1 Theory 

 
Fig. 3.1.1.1 A kind of noninverting amplifier4 

According to Eq. 1.1.2, apply KCL at node 1: 

𝑖 = 𝑖                                               Eq. 3.1.1.1 

Use Ohm’s law: 

𝑖 =                                            Eq. 3.1.1.2 

𝑖 =                                           Eq. 3.1.1.3 

As shown in Fig. 3.1.1.1, 𝑣  is connected to the input voltage source 𝑣 , therefore, in 

an ideal op amp: 

𝑣 = 𝑣 = 𝑣                                         Eq. 3.1.1.4 

Hence: 

𝑣 = (1 + )𝑣                                      Eq. 3.1.1.5 

From expression of 𝑣 , we can easily find that the noninverting amplifier will provide 

a positive voltage gain at the output. 

 
4 Cited from Fundamentals of electric circuits, fifth edition, page 183 



3.1.2 Design 

 
Fig. 3.1.2.1 Noninverting amplifier circuit 

By creating the circuit on the breadboard, using the oscilloscope measure the output 

and the input to find there exist a positive voltage gain. 

From Eq. 3.1.1.5, in this inverting amplifier experiment, the theoretical output voltage 

should be: 

𝑣 = −11𝑣         (−12V ≤ 𝑣 ≤ 12V)                Eq. 3.1.2.1 

During the experiment, the op amp μA741 is not an ideal op amp, therefore, before the 

experiment, it’s better to do simulation in Capture software. 

3.2 Procedure 

1. Build the noninverting amplifier circuit in the Capture software. Set the input 

voltage source to be a sinusoidal signal voltage source with frequency 100 Hz and peak 

voltage 0.5 V. 

 
Fig. 3.2.1 Building noninverting amplifier circuit in Capture 

2. Click the simulation to record the peak voltage. 

3. Build the circuit on the breadboard and connect 𝑣  to the signal generator and 

generates a sinusoidal signal with frequency 100 Hz and peak voltage 0.5 V. 

4. Record the output signal and check if the inverting amplifier works properly. 

5. Vary the input signal peak voltage values of 0.3 V, 0.6 V and 1.6 V. Record the 



simulated value and the empirical value. 

▲Before starting a new group of experiment, it’s necessary to perform initial 

correction: Short circuit the input point 𝑣  with the ground and adjust the voltage values 

between port 1 and port 5 of μA741 such that the output voltage 𝑣  is zero. 

3.3 Experiment data 

3.3.1 Raw data 

Peak |𝑣 | (V) 0.3 0.6 1.6 

Theoretical peak 𝑣  (V) 3.3 6.6 12 

Simulation peak 𝑣  (V) 3.1816 6.5767 11.816 

Empirical peak 𝑣  (V) 3.42 6.81 12.00 

Table. 3.3.1.1 noninverting amplifier circuit experiment table 

3.3.2 data analyzed 

Use Eq. 2.3.2.1 to calculate the difference between the simulation peak 𝑣  (denoted as 

𝑣 ) and the empirical peak 𝑣  (denoted as 𝑣 ). Record the difference data in the table: 

Peak |𝑣 | (V) 0.3 0.6 1.6 

Simulation peak 𝑣  (V) 3.1816 6.5767 11.816 

Empirical peak 𝑣  (V) 3.42 6.81 12.00 

𝑣  and 𝑣  difference (%) 7.49 3.55 1.56 

Table. 3.3.2.1 Difference between simulation peak 𝑣  and empirical peak 𝑣  

Here is the analysis: 

1. In the experiment, op amp μA741 is not an ideal op amp, thus the simulation peak 

𝑣  will be a little lower than the theoretical value. 

2. When connecting port 4 and port 7 to the voltage source, the limitation of 12 V 

has been set. Therefore, when coming to saturation (𝑣 = 1.6V), the empirical peak 𝑣  

is exactly 12 V. However, because of the error of 100k resistance RF, 10k resistance R1, 

9.1k resistance 𝑅  and the resistance of the wires, Eq. 3.1.1.5 doesn’t fix accurately. In 

the range of 0-15%, the error is acceptable. Therefore, it can be considered that the 

experiment has proved that the noninverting amplifier can provide a positive voltage 

gain. 

 

4. Experiment 3: Differential Amplifier 

4.1 Introduction 

A difference amplifier is a device that amplifies the difference between two inputs but 



rejects any signals common to the two inputs. This experiment is going to prove this 

property. 

4.1.1 Theory 

 
Fig. 4.1.1.1 A kind of differential amplifier5 

As it has been proved, zero currents enter the op amp terminals. Therefore, applying 

KCL to node a: 

=                                        Eq. 4.1.1.1 

Applying KCL to node b: 

=                                         Eq. 4.1.1.2 

According to Eq. 1.2.3: 

𝑣 = 𝑣                                            Eq. 4.1.1.3 

Solve the equations above, we can get: 

𝑣 = + 1 𝑣 − 𝑣                       Eq. 4.1.1.4 

4.1.2 Design 

 
Fig. 4.1.2.1 Differential amplifier circuit 

By creating the circuit on the breadboard, using the oscilloscope measure the output 

and the input to find if the differential amplifier amplifies the difference between two 

 
5 Cited from Fundamentals of electric circuits, fifth edition, page 187 



inputs but rejects any signals common to the two inputs. 

From Eq. 4.1.1.4, in this differential amplifier experiment, the theoretical output 

voltage should be: 

𝑣 = 10(𝑣 − 𝑣 )        (−12V ≤ 𝑣 ≤ 12V)             Eq. 4.1.2.1 

During the experiment, the op amp μA741 is not an ideal op amp, therefore, before the 

experiment, it’s better to do simulation in Capture software. 

4.2 Procedure 

1. Build the differential amplifier circuit in the Capture software. Use the VPULSE 

item to set the input voltage source to be a square wave signal voltage source. Set 𝑇 =

1, 𝑇 = 0, 𝑃 = 0.05, 𝑃 = 0.1. The symbol 𝑣  represents the lower peak and 𝑣  

represents the upper peak. 

 
Fig. 4.2.1 Building differential amplifier circuit in Capture 

2. Vary the peak to peak value of 𝑣  from 1 V, 2 V, 3 V and 1 V, and 𝑣  from 2 V, 

2 V, 2 V and 1 V respectively. Then click the simulation to record the peak voltage. 

3. Build the circuit on the breadboard and connect 𝑣  and 𝑣  to the signal generator 

and generates a signal. 

 
Fig. 4.2.2 A sample of the square wave oscilloscope graph 

4. Record the output signal and check if the inverting amplifier works properly. 

5. Vary the peak to peak 𝑣  values from 1 V, 2 V, 3 V and 1 V, and 𝑣  from 2 V, 2 



V, 2 V and 1 V respectively. Record the simulated value and the empirical value. 

▲Before starting a new group of experiment, it’s necessary to perform initial 

correction: Short circuit the input point 𝑣  and 𝑣 with the ground and adjust the 

voltage values between port 1 and port 5 of μA741 such that the output voltage 𝑣  is 

zero. 

4.3 Experiment data 

4.3.1 Raw data 

Peak to peak 𝑣  (V) 1 2 3 1 

Peak to peak 𝑣  (V) 2 2 2 1 

Theoretical 𝑣  (V) 5 0 5 0 

Simulation 𝑣  (V) 4.9996 0.0005 5.0003 0.0004 

Empirical 𝑣  (V) 5.14 0 5.09 0 

Table. 4.3.1.1 Differential amplifier circuit experiment table 

4.3.2 data analyzed 

Use Eq. 2.3.2.1 to calculate the difference between the simulation peak 𝑣  (denoted as 

𝑣 ) and the empirical peak 𝑣  (denoted as 𝑣 ). Record the difference data in the table: 

Peak to peak 𝑣  (V) 1 2 3 1 

Peak to peak 𝑣  (V) 2 2 2 1 

Simulation 𝑣  (V) 4.9996 0.0005 5.0003 0.0004 

Empirical 𝑣  (V) 5.14 0 5.09 0 

𝑣  and 𝑣  difference (%) 2.81 100 1.79 100 

Table. 4.3.2.1 Difference between simulation peak 𝑣  and empirical peak 𝑣  

Here is the analysis: 

1. In the experiment, op amp μA741 is not an ideal op amp, thus the simulation peak 

𝑣  will be a little lower than the theoretical value. 

2. When 𝑣 = 𝑣 , the simulation 𝑣  is so tiny that in practice, it’s hard to measure. 

The difference formula gives the 100% error, but in fact, this error is tiny.  

3. Because of the error of 100k resistance RF and R3, 10k resistance R1 and R2, and 

the resistance of the wires, Eq. 4.1.2.1 doesn’t fix accurately. The other data also 

satisfies the range from 0-15%, therefore, the property of differential amplifier can be 

thought to have been verified. 

 

5. Experiment 1: Inverting Summing Amplifier 



5.1 Introduction 

An inverting summing amplifier is an op amp circuit that combines several inputs and 

produces an output that is the weighted sum of the inputs. This experiment is going to 

prove this property. 

5.1.1 Theory 

 
Fig. 5.1.1.1 A kind of inverting summing amplifier6 

As it has been proved in 1.2, the current entering each op amp input is zero. Applying 

KCL at node a: 

𝑖 = 𝑖 + 𝑖 + 𝑖                                        Eq. 5.1.1.1 

𝑖 =                                            Eq. 5.1.1.2 

𝑖 =                                            Eq. 5.1.1.3 

𝑖 =                                            Eq. 5.1.1.4 

𝑖 =                                            Eq. 5.1.1.5 

The two input terminals of the inverting summing amplifier are connected to the ground, 

hence 𝑣 = 0. Substitute the equations and solve 𝑣 : 

𝑣 = −𝑅 ( + + )                           Eq. 5.1.1.6 

 

5.1.2 Design 

 
6 Cited from Fundamentals of electric circuits, fifth edition, page 185 



 
Fig. 5.1.2.1 Inverting summing amplifier circuit 

By creating the circuit on the breadboard, using the oscilloscope measure the output 

and the input to find if the inverting summing amplifier combines several inputs and 

produces an output that is the weighted sum of the inputs. 

According to Eq. 5.1.1.6, in this inverting summing circuit, the theoretical output 

voltage should be: 

𝑣 = −10(𝑣 + 𝑣 )        (−12V ≤ 𝑣 ≤ 12V)             Eq. 5.1.2.1 

During the experiment, the op amp μA741 is not an ideal op amp, therefore, before the 

experiment, it’s better to do simulation in Capture software. 

5.2 Procedure 

1. Build the differential amplifier circuit in the Capture software. Use the VPULSE 

item to set the input voltage source to be a square wave signal voltage source. Set 𝑇 =

1, 𝑇 = 0, 𝑃 = 0.05, 𝑃 = 0.1. The symbol 𝑣  represents the lower peak and 𝑣  

represents the upper peak. 

 
Fig. 5.2.1 Building inverting summing amplifier circuit in Capture 

2. Vary the peak to peak value of 𝑣  from 0.4 V, 0.8 V, 1.6 V and 2 V, and 𝑣  

always keep 1 V. Then click the simulation to record the peak voltage. 

3. Build the circuit on the breadboard and connect 𝑣  and 𝑣  to the signal generator 

and generates a signal. 



4. Record the output signal and check if the inverting amplifier works properly. 

5. Vary the peak to peak 𝑣  values from 0.4 V, 0.8 V, 1.6 V and 2 V, and the peak 

to peak value of 𝑣  keeps 1 V. Record the simulated value and the empirical value. 

▲Before starting a new group of experiment, it’s necessary to perform initial 

correction: Short circuit the input point 𝑣  and 𝑣 with the ground and adjust the 

voltage values between port 1 and port 5 of μA741 such that the output voltage 𝑣  is 

zero. 

5.3 Experiment data 

5.3.1 Raw data 

Peak to peak 𝑣  (V) 0.4 0.8 1.6 2 

Peak to peak 𝑣  (V) 1 1 1 1 

Theoretical 𝑣  (V) 7 9 12 12 

Simulation 𝑣  (V) 6.9998 8.9996 11.816 11.816 

Empirical 𝑣  (V) 7.29 9.67 12.00 12.00 

Table. 5.3.1.1 Inverting summing amplifier circuit experiment table 

5.3.2 data analyzed 

Use Eq. 2.3.2.1 to calculate the difference between the simulation peak 𝑣  (denoted as 

𝑣 ) and the empirical peak 𝑣  (denoted as 𝑣 ). Record the difference data in the table: 

Peak to peak 𝑣  (V) 0.4 0.8 1.6 2 

Peak to peak 𝑣  (V) 1 1 1 1 

Simulation 𝑣  (V) 6.9998 8.9996 11.816 11.816 

Empirical 𝑣  (V) 7.29 9.67 12.00 12.00 

𝑣  and 𝑣  difference (%) 4.15 7.45 1.56 1.56 

Table. 5.3.2.1 Difference between simulation peak 𝑣  and empirical peak 𝑣  

Here is the analysis: 

1. In the experiment, op amp μA741 is not an ideal op amp, thus the simulation peak 

𝑣  will be a little lower than the theoretical value. 

2. When connecting port 4 and port 7 to the voltage source, the limitation of 12 V 

has been set. Therefore, when coming to saturation (𝑣 = 1.6 V, 𝑣 = 1 V; 𝑣 =

2 V, 𝑣 = 1 V), the empirical peak 𝑣  is exactly 12 V. However, because of the error 

of 100k resistance RF and 10k resistance R1, R2, and the resistance of the wires, Eq. 

5.1.2.1 doesn’t fix accurately. In the range of 0-15%, the error is acceptable. Therefore, 

it can be considered that the experiment has proved that the inverting summing 



amplifier combines several inputs and produces an output that is the weighted sum of 

the inputs. 

 

6. Questions 

6.1 Smaller simulation values comparing to the theoretical values 

During in the whole lab experiments, it’s not hard to find that the simulation values are 

always a little bit smaller than the theoretical values. The followings are the analysis of 

this difference. 

 

Fig. 6.1.1 Practical op amp 

As shown in Fig. 6.1.1 and stated in 1.1, consider that the output terminal 𝑣  connects 

to an unknown circuit.  

𝑣 = 𝐴𝑣  

There will be current flowing through the resistance 𝑅 . Applying KCL at the output 

terminal, it can be found that the current from the unknown circuit connected to 𝑣  will 

be smaller, which will lead to a smaller 𝑣 . 

6.2 Larger empirical values comparing to the theoretical values 

When doing experiment, except the saturation situations, the empirical values are 

always a little bit larger than the simulation value.  

When doing the simulation, the element used is also μA741, therefore, they are both 

not the ideal situation. The error may come from the error of resistance used in the 

circuit and the unneglected resistance of the wires. 

7. Conclusions 

According to the experiments above, the properties of the inverting amplifiers, 

noninverting amplifiers, differential amplifiers, and inverting summing amplifiers can 



be summarized as follows: 

1. An inverting amplifier reverses the polarity of the input signal while amplifying it. 

2. A noninverting amplifier is an op amp circuit designed to provide a positive voltage 

gain. 

3. A differential amplifier is a device that amplifies the difference between two inputs 

but rejects any signals common to the two inputs. 

4. An inverting summing amplifier is an op amp circuit that combines several inputs 

and produces an output that is the weighted sum of the inputs. 
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