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1 Introduction 

1.1 Transfer function 

The transfer function (also called the network function) is a useful analytical tool for 

finding the frequency response of a circuit. The transfer function 𝐇(ω) of a circuit is 

the frequency-dependent ratio of a phasor output 𝐘(ω) (an element voltage or current) 

to a phasor input 𝐗(ω) (source voltage or current). 

 
Fig.1.1 A linear network function 

Transfer function 𝐇(ω) is usually expressed by: 

𝐇(ω) =
𝐘( )

𝐗( )
                                          Eq.1.1 

The four kinds of possible transfer function are as follows: 

𝐇(ω) = Voltage gain =
𝐕 ( )

𝐕 ( )
                        Eq.1.2.1 

𝐇(ω) = Current gain =
𝐈 ( )

𝐈 ( )
                        Eq.1.2.2 

𝐇(ω) = Transfer Impedance =
𝐕 ( )

𝐈 ( )
           Eq.1.2.3 

𝐇(ω) = Transfer Admittance =
𝐈 ( )

𝐕 ( )
          Eq.1.2.4 

 

1.2 Phasor 

In an RLC circuit with sinusoidal AC input, the voltage (current) across an element is 

also a sinusoidal signal, take an example of voltage, the general formula can be 

expressed as: 

𝑉 = 𝐴𝑐𝑜𝑠(𝜔𝑡 + 𝜑)                                   Eq.1.3 

The voltage 𝑉 can also be changed into polar form or exponential form (𝑗 = √−1): 

𝐕 = 𝐴∠𝜑 = 𝐴𝑒                                       Eq.1.4 

For a complex number 𝑧: 

𝑧 = 𝑥 + 𝑗𝑦                                              Eq.1.5 



 
Fig.1.2 geometric figure of complex number 

The complex number 𝑧 can be considered as the real part and imaginary part. Therefore, 

the relationship between different forms can be summarized as follow: 

𝑧 = 𝑥 + 𝑗𝑦 = 𝑟(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑) = 𝑟∠𝜑               Eq.1.6 

Where 𝑟 = 𝑥 + 𝑦  and 𝜑 = tan . 

When analyzing the circuits, it’s important to unify the form. The impedance of the 

elements should also be complex numbers, so before calculating, it’s necessary to check 

if they are all in polar expressions or exponential form. 

The table below shows the impedance of each element in complex number form. 

Name Value Impedance 

Resistor (resistance) R 𝑅 

Capacitor (capacitance) C (𝑗𝜔𝐶)  

Inductor (inductance) L 𝑗𝜔𝐿 

Table.1.1 Impedance of R, C and L 

When the passive elements are connected in serial or parallel, the overall impedance 

can be obtained the same rules as in DC circuit analysis. Ohm’s law is still valid: 

𝐕 = 𝐈 ∙ 𝐙                                              Eq.1.7 

Therefore, the nodal analysis and mesh analysis still hold in the AC phasor domain. 

 

1.3 Apparatus 

1. DC voltage source 

2. Multimeter 

3. Signal generator 

4. Oscilloscope 

5. Resistors (30Ω, 100Ω, 20kΩ×2, 10kΩ×2) 

6. Inductor 10mH 

7. Capacitor 68000pF 

8. breadboard 



9. wires 

 

1.4 Goals 

1. Understanding the RLC resonant circuit. 

2. Understanding the design of active filters using op amp. 

3. Implementing the circuits in an experimental setting, taking measurements, and 

comparing with theoretical results. 

 

2 Experiment 1: RLC Resonant Circuit 

2.1 Introduction 

In this experiment, the passive RLC series resonant will be explored. Resonance is a 

condition in an RLC circuit in which the capacitive and inductive reactance are equal 

in magnitude, thereby resulting in a purely resistive impedance. Resonant circuits are 

useful for constructing filters, as their transfer functions can be highly frequency 

selective. They are used in many applications such as selecting the desired stations in 

radio and TV receivers. 

2.1.1 Theory 

 
Fig. 2.1 A series RLC resonant circuit 

The input impedance is: 

𝐙 = 𝐇(ω) =
𝐕𝐬

𝐈
= 𝑅 + 𝑗𝜔𝐿 + = 𝑅 + 𝑗(𝜔𝐿 − )        Eq.2.1 

As it has been explained in the introduction part (2.1), resonance always happens when 

the imaginary part of the transfer function is zero. 

Im(𝐙) = 𝜔 𝐿 − = 0                                        Eq.2.2 

From Eq.2.2, the value resonant frequency 𝜔  satisfies the condition can be solved. The 

resonance condition is: 

𝜔 =
√

 rad/s                                               Eq.2.3 



Since 𝜔 = 2𝜋𝑓 , 

𝑓 =
√

                                                      Eq.2.4 

The frequency response of the circuit’s current magnitude: 

𝐼 = |𝐈| =
( )

                                       Eq.2.5 

 
Fig.2.2 𝐼 − 𝜔 figure 

The highest power dissipated occurs at resonance: 

𝑃(𝜔 ) =                                                 Eq.2.6 

At certain frequencies, 𝜔 = 𝜔 , 𝜔 , which is called as the half-power frequencies, the 

dissipated power is half the maximum value: 

𝑃(𝜔 ) = 𝑃(𝜔 ) =
(

√
)

=                                   Eq.2.7 

The half power frequencies are obtained by setting 𝑍 equal to √2𝑅: 

𝑅 + 𝜔𝐿 − = √2𝑅                                    Eq.2.8 

Solving for 𝜔: 

𝜔 = − + ( ) +                                    Eq.2.9 

𝜔 = + ( ) +                                     Eq.2.10 

Define the half-power bandwidth 𝐵 = 𝜔 − 𝜔  to describe the width of the response 

curve. 

𝐵 =                                                   Eq.2.11 

The ‘sharpness’ of the resonance in a resonant circuit is measured quantitatively by the 

quality factor Q. At resonance, the reactive energy in the circuit oscillates between the 

inductor and the capacitor. The quality factor relates the maximum or peak energy 



stored to the energy dissipated in the circuit per cycle of oscillation: 

Q = 2π
     

         
    Eq.2.12 

In the circuit, the peak energy stored is 𝐿𝐼  and the energy dissipated in one period is 

𝐼 𝑅. Therefore: 

Q = 2π = = =                       Eq.2.13 

Substitute Eq.2.11 into Eq.2.13, bandwidth in rad/s can be calculated: 

𝐵 = = = 𝜔 𝐶𝑅                               Eq.2.14 

However, in this experiment, when needed bandwidth in Hz, usually the following 

equation will be used: 

𝐵 =                                              Eq.2.15  

After normalization with 𝐼 : 

| |

| |
=

( )
                                 Eq.2.16 

 
Fig.2.3 normalized current-normalized frequency 

 

2.1.2 Goals 

1. Observe how the voltage across the resistor varies according to the frequency of the 

sinusoidal signal. 

2. Verify the value of resonant frequency. 

3. Figure out how  varies with  accordingly. 

4. Explore how the resistance of the resistor would affect the circuit resonance. 



 

2.1.3 Design 

 
Fig.2.4 Designed circuit for Experiment 1 

The RLC circuit is shown as Fig.2.4. First of all, use Eq.2.4 to calculate the theoretical 

value of the resonant frequency. Then change the frequency near the resonant frequency 

and record the voltage of signal 𝑉  and voltage across the resistor 𝑉 . Observe how the 

phase between 𝑉  and 𝑉  varies when changing the frequency of the signal. 

There are two ways to verify the theoretical resonant frequency by the experiment. The 

first method is to observe the phase of 𝑉  and 𝑉  while varying the signal frequency. 

When 𝑉  and 𝑉  are in phase, record the frequency. The second method is to observe 

the magnitude of the peak of 𝑉 . When the magnitude reaches the maximum, record the 

frequency. Both methods can be used to check the theoretical resonant frequency. 

To find out the relationship between  and , at least pick ten points near the resonant 

frequency for plotting. The resonant current can be calculated by: 

𝐼 =                                             Eq.2.17 

The current in the circuit corresponding to the frequency can be calculated by Eq.2.5. 

After finishing all the work above, change the resistance of the resistor in the circuit 

and repeat the previous steps. Find out how the resistance of the resistor affects the 

circuit resonance.  

 

2.2 Procedures 

1. Assemble the RLC circuit in Fig.2.4 using R = 30 Ω, L = 10mH and C = 68000pF.  



 
Fig.2.5 Circuit built in the Capture software 

2. Calculate the theoretical resonant frequency 𝑓 . 

3. Set the input source V (t) as a sinusoidal signal with the peak voltage being 2V and 

frequency 𝑓 = 𝑓 + ∆𝑓 . Adjust the frequency 𝑓  around 𝑓   (i.e., changing ∆𝑓 ) and 

observe V (t) and V (t) on the oscilloscope. 

 
Fig.2.6 Sample V (t) and V (t) on the oscilloscope 

4. Observe how the phase between V (t)  and V (t)  varies with ∆𝑓 . Observe the 

magnitude of V (t) when changing 𝑓 around 𝑓 . 

5. Record the frequency for which V (t)  and V (t)  are in phase and mark it as a 

measured resonant frequency 𝑓 . Record the frequency for which the magnitude of 

V (t) is maximum, and make it as a measured resonant frequency 𝑓 . 

6. Calculate the quality factor thus bandwidth in Hz. 

7. Let 𝑓 =  𝑓 − B and 𝑓 =  𝑓 + B, pick at least 10 frequency values in [𝑓  , 𝑓 ] (i.e., 

with equal intervals), measure and record the corresponding voltage values 𝑣 . Then 

calculate the corresponding current in the circuit and plot a figure showing how  varies 

with  accordingly. 



 

Fig.2.7 Sample curve of −  

8. Change the resistance to R = 100 Ω, repeat the previous steps. Plot the  versus  

in the same figure with the previous one (R = 30 Ω).  

 

2.3 Experiment data 

2.3.1 R = 30 Ω 

Using two methods to find out the resonant frequency, the results are as the table below: 

𝑓 ≈ 6103.313458 𝐻𝑧 

𝑓  𝑓  

6098 𝐻𝑧 6104 𝐻𝑧 

Table.2.1 Using two different methods to find out the resonant frequency 

 

After calculated 𝑓 ≈ 6103.313458 𝐻𝑧 and B = 477.4648293 𝐻𝑧, pick 12 frequency 

values in [ 5625.85 𝐻𝑧  , 6580.78 𝐻𝑧 ], measure the voltage across the resistor  

𝑣  and calculate the current 𝐼, the data is recorded in the table below: 

𝑓 ≈ 6103.313458 𝐻𝑧 

B = 477.4648293 𝐻𝑧 

𝐼 = 0.0666666667 A 

𝑓 (𝐻𝑧) 𝑣  (𝑉) 𝑣  (𝑉) 𝐼 (𝐴) 
𝑓

𝑓
 

𝐼

𝐼
 

5630 0.871366791 1.981 0.02904556 0.435683395 0.922449754 

5700 0.99263553 1.982 0.033087851 0.496317765 0.933918934 

5800 1.217221748 1.973 0.040574058 0.608610874 0.950303477 

5900 1.511644156 1.970 0.050388139 0.755822078 0.96668802 

6000 1.83299773 1.969 0.061099924 0.916498865 0.983072562 

6050 1.951510445 1.964 0.065050348 0.975755222 0.991264834 



6100 1.999807286 1.982 0.066660243 0.999903643 0.999457105 

6200 1.855772477 1.982 0.061859083 0.927886239 1.015841648 

6300 1.553354132 1.981 0.051778471 0.776677066 1.03222619 

6400 1.271622577 1.979 0.042387419 0.635811289 1.048610733 

6500 1.054809931 1.991 0.035160331 0.527404965 1.064995276 

6580 0.922201008 1.989 0.030740034 0.461100504 1.07810291 

Table.2.2 Figure out  and  (R = 30 Ω) 

To plot the −  curve according to the data in Table.2.2, the result is as following: 

 

Fig.2.8 −  curve (R = 30 Ω) 

 

2.3.2 R = 100 Ω 

The resonant frequency 𝑓  has nothing to do with the resistance of the resistor, therefore, 

the resonant frequency will not change, stays 𝑓 ≈ 6103.313458 𝐻𝑧.After calculated 

B = 1591.549431 𝐻𝑧 , pick 17 frequency values in [ 4511.76 𝐻𝑧  , 7694.86 𝐻𝑧 ], 

measure the voltage across the resistor 𝑣   and calculate the current 𝐼 , the data is 

recorded in the table below: 

𝑓 ≈ 6103.313458 𝐻𝑧 

B = 1591.549431 𝐻𝑧 

𝐼 = 0.02 A 

𝑓 (𝐻𝑧) 𝑣  (𝑉) 𝑣  (𝑉) 𝐼 (𝐴) 
𝐼

𝐼
 

𝑓

𝑓
 

4600 0.828 1.998 0.008 0.414144836 0.753688964 

4800 0.947 1.999 0.009 0.473506992 0.78645805 

0

0.2

0.4

0.6

0.8

1

1.2

0.9 0.95 1 1.05 1.1

I/
I0

f/f0



5000 1.089 1.988 0.011 0.544745995 0.819227135 

5200 1.259 1.982 0.013 0.629679191 0.851996221 

5400 1.456 1.981 0.015 0.728131523 0.884765306 

5600 1.669 1.970 0.017 0.834262028 0.917534392 

5800 1.863 1.973 0.019 0.931300629 0.950303477 

6000 1.983 1.964 0.020 0.99153537 0.983072562 

6100 2.000 1.962 0.020 0.999991327 0.999457105 

6200 1.986 1.963 0.020 0.9928118 1.015841648 

6400 1.879 1.969 0.019 0.939627542 1.048610733 

6600 1.714 1.971 0.017 0.857239747 1.081379819 

6800 1.538 1.976 0.015 0.769241559 1.114148904 

7000 1.376 1.977 0.014 0.688059626 1.146917989 

7200 1.235 1.980 0.012 0.617685777 1.179687075 

7400 1.116 1.991 0.011162427 0.55812136 1.21245616 

7600 1.016 1.993 0.010159944 0.507997212 1.245225246 

7690 0.976 1.992 0.00976177 0.488088479 1.259971334 

Table.2.3 Figure out  and  (R = 100 Ω) 

To plot the −  curve according to the data in Table.2.3, the result is as following: 

 

Fig.2.9 −  curve (R = 100 Ω) 

If combining the curve in Fig.2.8 and Fig.2.9, the figure is as below: 
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Fig.2.10 −  curve (R = 100 Ω, R = 30 Ω)  

 

2.4 Discussions 

During the measurement, the peak value of the signal V (t)  was not equal to the 

theoretical input, says, 2 V. According to Table.2.2 and Table.2.3, the value of  𝑣  is 

slightly changed with the frequency. When V (t) and V (t) are in phase, the experiment 

value shows that they are not totally equal. The analysis of the error is as follows. 

2.4.1 Error of measured V (t) and input signal 

The main error may come from the resistance of the wires. In the lab, lots of wires are 

rusted, which may bring large error in resistance. 

Suppose the resistance of the wires in total is 𝑅 , Then according to Ohm’s law and 

KVL, there should be the expression below: 

𝐼𝑅 + 𝑣 + 𝑣 + 𝑣 − 𝑣 = 0                     Eq.2.18 

When measuring 𝑣 , the actual measured value was: 

𝑣 ( ) = 𝑣 + 𝑣 + 𝑣 = 𝑣 − 𝐼𝑅              Eq.2.19 

Therefore, the measured voltage 𝑣 ( ) is always slightly smaller than the input 

value, and mostly 𝑣 ( ) increased when 𝐼 decreased. 

 

2.4.2 Error of when V (t) in phase with V (t) 

According to Eq.2.2, when reaching resonance, the imaginary part of the impedance 

should be zero, so that the voltage of the signal should equals to the voltage across the 

resistor. However, when doing experiments, it was discovered that 𝑣 < 𝑣 . The main 

reason might be the resistance of the wires. According to Eq.2.18, when reaching 

resonance, 𝑣 = 𝑣 = 0, then Eq.2.18 can be written as: 

0
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𝑣 = 𝑣 − 𝐼𝑅                               Eq.2.20 

 

Then 𝑣  should always smaller than 𝑣 , which satisfies the results of the experiment. 

 

2.5 Conclusions 

1. The voltage across the resistor increases till the resonance happens, then starts to 

decrease when the frequency of the sinusoidal signal increases. 

2. By using two methods, the value of resonant frequency was measured 6098 Hz and 

6104 Hz respectively, which almost satisfies the theoretical value 6103.313458 Hz. 

3. According to Fig.2.8 and Fig.2.9, the value of  increases till the resonance happens, 

then starts to decrease when the value of  increases. 

4. When the resistance of the resistor changes from 30 Ω to 100 Ω, the curve of −  

becomes slower and less ‘sharp’. 

 

3 Experiment 2: Second-order Active Lowpass Filter 

3.1 Introduction 

Active filters consist of combinations of resistors, capacitors, and op amps. Comparing 

to passive filters, active filters offer some advantages. 

1. Active filters are often smaller and less expensive, because they do not require 

inductors. This makes feasible the integrated circuit realizations of filters. 

2. Active filters can provide amplifier gain in addition to providing the same frequency 

response as RLC filters.  

3. Active filters can be combined with buffer amplifiers (voltage followers) to isolate 

each stage of the filter from source and load impedance effects. This isolation allows 

designing the stages independently and then cascading them to realize the desired 

transfer function. 

In this part of experiment, the second order active lowpass filter circuits will be 

discussed. A lowpass filter is designed to pass only frequencies from DC voltage source 

up to the cutoff frequency 𝜔 . This property will be discussed in this experiment. 

3.1.1 Theory 



 
Fig.3.1 A kind of second-order active lowpass filter 

Take an example of a second-order active lowpass filter in Fig.3.1. According to the 

properties of op amp: 

𝐼 =                                           Eq.3.1 

Then the voltage at port 2 and port 3 should be: 

v = 𝐼 𝑅 =                                    Eq.3.2 

Calculate 𝐼  flowing through the capacitor: 

𝐼 = = 𝑗𝜔𝐶                                Eq.3.3 

The voltage 𝑣  at the node between the capacitor and the resistor is: 

𝑣 = v + 𝐼 𝑅 = + 𝑗𝜔𝐶                    Eq.3.4 

Calculate 𝐼  flowing through the capacitor: 

𝐼 = = 𝑗𝜔𝐶 − 𝜔 𝐶                    Eq.3.5 

Then The input voltage 𝑉  can be expressed as: 

𝑉 = 𝑣 + 𝐼 𝑅 = (1 − 𝑅 𝜔 𝐶 + 3𝑗𝑅𝜔𝐶)        Eq.3.6 

The transfer function of the circuit is: 

𝐇(ω) = =                         Eq.3.7 

When taking the characteristic frequency 𝑓 =  and passband A = 1 + , Eq.3.7 

can be rewritten into: 

𝐇(ω) =
( )

                                         Eq.3.8 

 

3.1.2 Design 



Take 𝑅 = 𝑅 = 20kΩ , R = 10kΩ  and C = 0.1µF  in the circuit as shown in Fig.3.1. 

First set the input source to be a DC voltage to get the voltage gain , then use the 

sinusoidal signal with peak voltage equals to the DC voltage.  

Gradually increases the frequency of the input signal, and observe the amplitude of 

output signal to check if it’s acting like a lowpass filter. The amplitude of the output 

signal should decrease when the frequency increases. 

 

3.1.3 Goals 

1. Get familiar with the calculation of second-order active lowpass filters. 

2. Explore the properties of second-order active lowpass filters. 

 

3.2 Procedures 

 
Fig.3.2 Circuit built in Capture software 

1. Assemble the circuit in Fig.3.1 on the breadboard using op amp µA741, resistors 

𝑅 = 𝑅 = 20kΩ, R = 10kΩ and capacitors (ceramic capacitors) with capacitance C =

0.1µF. Connect port 7 and port 4 of µA471 with voltage supplies and set them to 12 V 

and -12 V respectively.  

2. Short circuit the input point 𝑉  with the ground and adjust the voltage values between 

port 1 and port 5 of µA471 such that the output voltage 𝑉  is zero. This step is known 

as the initial correction. 

3. Set the input source 𝑉  be a 1V DC signal, and measure the output voltage 𝑉 . Denote 

it as 𝑉 . The ratio  (i.e., 𝑉 ) is the passband gain A.  

In case if using the third channel from the DC power supply affect the output of the 

other channels, use a different power supply to supply the 1V DC signal, or use a square 



wave of 10Hz with amplitude from 0 to 1 V to get the equivalent measurement. 

 

Fig.3.3 𝑉  measured in the simulation 

4. Set the input source to a sinusoidal signal with peak voltage 1 V and frequency of 20 

Hz.  

 
Fig.3.4 Sample figure in the experiment 

5. Increase the frequency gradually (e.g., 200 Hz, 500 Hz, 1000 Hz, 1500 Hz and 2000 

Hz) and use oscilloscope to observe the output signal. Find the frequency for which the 

outage voltage 𝑉 =
√

. Denote the frequency as 𝑓 .  

6. Sample multiple frequency values in the range of 20 Hz to 2000 Hz, and measure the 

corresponding output voltage (peak) values.  

In this step, points should be sampled more when the outage voltage values change 

faster. 

7. Use the results together with measured A and 𝑓  to plot the frequency response of the 

circuit. 

 

3.3 Experiment data 



After collecting the data in the experiment, the results are as follows: 

A =
𝑉

𝑉
= 2.000 

𝑓 = 0.571 𝐻𝑧 

𝑓 (𝐻𝑧) 𝑉  (𝑉) 𝑉  (𝑉) 
𝑉

𝑉
 

0 1.999 1.997 0.9989995 

0.571 1.999 1.444 0.722361181 

20 1.999 0.012 0.006003002 

40 1.999 0.003 0.00150075 

60 1.999 0.001 0.00050025 

80 1.999 0.001 0.00050025 

100 1.999 0.001 0.00050025 

200 1.999 0 0 

500 1.999 0 0 

1000 1.999 0 0 

1500 1.999 0 0 

Table.3.1 Output voltage relates to the frequency 

The relationship of the output voltage 𝑉  and the frequency of the input signal 𝑓 can be 

plotted by the curve below: 

 
Fig.3.5 𝑉 − 𝑓  curve in the simulation 

 

3.4 Discussions 

In this experiment, to plot the 𝑉 − 𝑓  curve, points should be taken as many as possible. 



It’s hard to finish in the lab, so Capture software can be used. Set a frequency range and 

the computer will simulate. To check the results, the data in the experiment can be used 

to compare to the simulation value. If most of the data fits well, then the curve can be 

considered to be effective. 

Due to the error of the signal generator, the input voltage was different with the 

theoretical value. However, the error is so tiny that it can be ignored when analyzing 

the error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reference 

Fundamentals of electric circuits, fifth edition. Published by McGraw-Hill. Copyright 

© 2013 by The McGraw-Hill Companies, Inc. All rights reserved. Printed in the United 



States of America. Previous editions © 2009, 2007 and 2004. 

 

Electric circuits, tenth edition. Copyright © 2015, 2008, 2005 Pearson Education, Inc., 

publishing as Prentice Hall, One Lake Street, Upper Saddle River, New Jersey, 07458. 

 

CUHK(SZ)Lab 6- RLC Resonant Circuit and Active Filters, Retrieved from 

https://bb.cuhk.edu.cn/bbcswebdav/pid-16449-dt-content-rid-

106549_1/courses/EIE181018101156/lab4.pdf 

 


