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2 Introduction 

Inductors and Capacitors produce a response to transient and frequency dependent signals that can 

be harnessed by engineers to produce certain circuit behaviours or condition circuit signals. This is 

due to their ability to store energy within a circuit. Circuits with a Capacitor or Inductor in series with 

a Resistor (RC or RL – First Order Circuits) can be used as electrical timers and filters due to their 

transient and frequency response respectively. Circuits with a Capacitor, Inductor and Resistor in 

series or parallel (RLC – Second Order Circuits) can be used as band frequency filters due to their 

response to a range of frequencies. These behaviours make First and Second Order circuits 

extremely useful signal conditioning applications such as oscilloscopes and audio amplifiers [1, pp. 

48 - 50]. 

The Passive Networks experiment aims to analyse the transient and frequency response of First and 

Second Order circuits. This allows for greater understanding of the design and application of these 

circuits as well as further experience with Bode Plots, graphical data analysis and interpretation and 

comparison of data to theoretical models. 

3 Theory 

This section will discuss the theoretical equations and formulae required to complete the 

experiments detailed in this report. It explains the equations that were used to generate the 

theoretical data shown in section (INSERT SECTION NUMBER HERE) of this report. The frequency 

response of First and Second order circuits will be discussed, as well the transient response of First 

order circuits. 

In AC circuits, Capacitors and Inductors have an Impedance that is frequency dependent, this is 

known as a reactive impedance. The impedance of an Inductor and Capacitor can be calculated using 

equations 3.1 and 3.2 respectively [1, p. 45]. 

𝑍𝐿 = 𝑗𝜔𝐿 3.1 

𝑍𝐶 =
1

𝑗𝜔𝐶
3.2 

These equations for impedance are the basis for all further theory shown in this section and can be 

used to describe the impedance of any circuit. 

3.1 Gain 

Gain is a measure of the ratio between the output signal and input signal of a given circuit. In this 

application it shows the amount of attenuation produced by the First or Second order circuit at a 

given frequency. Equation 3.3 was used to calculate the gain for all circuits in this report. 

𝐺𝑎𝑖𝑛 (𝑑𝐵) = 20 log10 (
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
) 3.3 

Plotting Gain against Frequency can show us details about what frequencies a filter will block, 

among other key information. 
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3.2 First Order Circuits – Frequency Response 

These experiments show the frequency response of a Capacitor or Inductor in series with a Resistor. 

To theoretically characterise the response of these circuits to a frequency range we must first derive 

an equation for their impedance. The impedance of RL and RC circuits can be calculated using 

equations 3.4 and 3.5 respectively [1, pp. 48, 49]. 

𝑍𝑅𝐿 = √𝑅2 + (𝜔𝐿)2 3.4 

𝑍𝑅𝐶 = √𝑅2 +
1

(𝜔𝐶)2
3.5 

These impedance equations can be used to calculate the voltage across components within the First 

order circuit. Consequently, they can be used to calculate the Gain for a specific First order circuit 

using equation 3.3. This report calculates the Gain using the Resistor Voltage as Vout and the Supply 

Voltage as Vin. Equations 3.6 and 3.7 show how Vout can be calculated for RL and RC circuits 

respectively [1, pp. 48, 49, 51]. 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛

𝑅

√𝑅2 + (𝜔𝐿)2
3.6 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛

𝑅

√𝑅2 +
1

(𝜔𝐶)2

3.7
 

An important frequency for all First order circuits is the corner frequency (fc). At the corner 

frequency, the resistive components of the circuits impedance are equal to the reactive 

components; the circuit outputs half of the power that is input. The corner frequency is also the 

point at which the gain of the circuit is -3dB, hence it is sometimes referred to as the -3dB point. 

Equations 3.8 and 3.9 can be used to calculate the corner frequency for RL and RC circuits 

respectively [1, pp. 49, 50]. 

𝑓𝑐 =
𝑅

2𝜋𝐿
3.8 

𝑓𝑐 =
1

2𝜋𝑅𝐶
3.9 

Theoretically, the Gain of a First order circuit should change at a rate of 20dB per frequency decade 

after the corner frequency when shown on a Bode Plot (Frequency in Log Scale against Gain). 

3.3 First Order Circuits – Transient Response 

These experiments show the transient response of a Capacitor or Inductor in series with a Resistor. 

To theoretically characterise the response of these circuits to a step change in voltage we can use 

the general equation 3.10. 

𝑉 = 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + (𝑉𝑓𝑖𝑛𝑎𝑙 − 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙)𝑒−
𝑡
𝜏 3.10 

The time constant τ is a characteristic specific to each transient circuit. Equations 3.11 and 3.12 can 

be used to calculate the time constant for RL and RC circuits respectively [1, p. 22]. 
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𝜏 =
𝐿

𝑅
3.11 

𝜏 = 𝑅𝐶 3.12 

Using an oscilloscope, the rise and fall time of a transient circuit can be measured. The rise and fall 

times are defined as the time it takes the current or voltage to get from 10% to 90% of their 

maximum value or vice versa. Equation 3.13 relates the rise or fall time to the circuit time constant. 

𝑡𝑟𝑖𝑠𝑒  𝑜𝑟 𝑡𝑓𝑎𝑙𝑙 = 2.2𝜏 3.13 

3.4 Second Order Circuits – Frequency Response 

Finally, these experiments show the frequency response of a Capacitor, Inductor and Resistor in 

series or parallel. To theoretically characterise the response of these circuits to a frequency range we 

must first derive equations for their impedance using equations 3.1 and 3.2. Equations 3.14 and 3.15 

can be used to calculate the impedance for a Series RLC and Parallel RLC circuit respectively [1, pp. 

52, 53]. 

𝑍 = √𝑅2 + (𝜔𝐿 −
1

𝜔𝐶
)

2

3.14 

𝑍 = √𝑅2 + (
𝐿

𝐶
)

2

(
1

𝜔𝐿 −
1

𝜔𝐶

)

2

3.15 

The impedance equations can be used to calculate the voltage across components within the Second 

Order circuit. Consequently, they can be used to calculate the Gain for a specific Second Order 

Circuit using equation 3.3. This report calculates the Gain using the Resistor Voltage as Vout and the 

Supply Voltage as Vin. Vout can be calculated for Series and Parallel RLC circuits using equations 3.16 

and 3.17 respectively. 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛

𝑅

√𝑅2 + (𝜔𝐿 −
1

𝜔𝐶)
2

3.16
 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛

𝑅

√𝑅2 + (
𝐿
𝐶)

2

(
1

𝜔𝐿 −
1

𝜔𝐶

)

2
3.17

 

An important frequency for Second Order circuits is the resonant frequency (f0). The resonant 

frequency is the frequency at which the impedance of the Inductor is equal to that of the Capacitor. 

At this frequency series Second Order circuits will exhibit their maximum Gain and parallel Second 

Order circuits will exhibit their minimum Gain. Equation 3.18 can be used to calculate the resonant 

frequency for both series and parallel Second Order circuits [1, p. 53]. 

𝑓0 =
1

2𝜋√𝐿𝐶
3.18 
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3.5 Second Order Circuits – Q Factor 

At resonance the voltages across the Capacitor and Inductor in Second Order circuits directly cancel 

each other out. However, these voltages can be very large. Thus, they provide a magnification that 

can be used to amplify an input signal. The voltage across a Capacitor or Inductor in Second Order 

circuits can be calculated using equation 3.19. 

𝑉𝐶 = 𝑉𝐿 = 𝑄𝑉 3.19 

Q is the magnification factor and is a measure of the level of amplification of the input voltage to 

reach the voltage across the Inductor or Capacitor when the circuit is at resonance. The 

magnification factor can be calculated using equation 3.20 and 3.21 for series and parallel Second 

Order circuits respectively [1, p. 53]. 

𝑄 =
1

𝑅
√

𝐿

𝐶
=

𝑓0

∆𝑓
      3.20    𝑄 = 𝑅√

𝐶

𝐿
=

𝑓0

∆𝑓
      3.21  

The bandwidth Δf is the difference between the frequencies where the gain of the Second Order 

circuit is -3dB. 

4 Method 

The following section details the methods used to analyse the transient and frequency response of 

First and Second order circuits. All circuit diagrams were generated using KiCAD [2], an open source 

Schematic and PCB Design tool. 

4.1 First Order Circuits – Frequency Analysis 

Initially, a circuit was constructed according to Figure 4.1. The AC Source was provided by a 

Waveform Generator set to output a 1V Peak Sine wave, this allowed the frequency of the input 

Voltage to be varied. 

Initially a wide frequency range of 1kHz to 500kHz was applied to the circuit to characterise its 

general behaviour; multiples of 1, 2, 5 and 10 kHz were used within this frequency range. At each 

frequency the Voltage In (RMS Voltage between Vin and REF) and Voltage Out (RMS Voltage 

between Vout and REF) was measured using a Digital Multimeter (DMM) and recorded in a table. 

Equation 3.3 from section 3.1 was then used to calculate the Gain at each frequency. These Gain 

measurements show a smaller frequency range that contains the corner frequency. Further 

measurements were taken at smaller frequency intervals within this range to better characterise the 

operation of the circuit. Bode plots of frequency vs gain were generated using these results. The 

same set of measurements was then repeated with the Capacitor replaced with a 4.7mH Inductor. 

Figure 4.1: First Order RC Circuit Schematic generated using KiCAD 
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4.2 First Order Circuits – Transient Analysis 

Transient analysis was completed using the circuit from Figure 4.1. The AC Source was provided by a 

Waveform Generator set to output a 5V Square wave at a frequency of 10kHz. The Voltage In 

(Voltage between Vin and REF) and Voltage Out (Voltage between Vout and REF) were measured on 

separate channels of an oscilloscope. Using the oscilloscope measurement functions the rise and fall 

times of the output Voltage were measured and recorded. The same measurements were then 

completed with the Capacitor replaced with a 4.7mH Inductor. 

4.3 Second Order Circuits – Frequency Analysis 

Initially, a series Second Order circuit was constructed according to Figure 4.2. The AC Source was 

provided by a Waveform Generator set to output a 1V RMS Sine Wave, this allowed the frequency of 

the input Voltage to be varied. 

A wide frequency range of 1kHz to 50kHz was measured at multiples of 1, 2, 5 and 10kHz 

frequencies. At each frequency the Voltage In (RMS Voltage between Vin and REF) and Voltage Out 

(RMS Voltage between Vout and REF) were measured using a DMM and recorded. This characterised 

the general behaviour of the circuit and allowed a small frequency range containing the resonant 

frequency to be identified. Further measurements within this smaller frequency range were then 

taken at smaller intervals to further characterise the operation of the circuit around the resonant 

frequency. When the resonant frequency was reached, the RMS voltages across the Capacitor and 

Inductor were also recorded.  Equation 3.3 from section 3.1 was used to calculate the gain of the 

circuit at each frequency. A Bode Plot of frequency vs gain was then generated using these results. 

These steps were then repeated with the 100Ω Resistor replaced with a 1200Ω Resistor. 

A parallel Second Order circuit was then constructed according to Figure 4.3. The same steps as 

above were then used to produce Bode Plots of frequency vs gain for the parallel Second Order 

circuit. 

 

Figure 4.2: Series RLC Second Order Circuit Schematic generated with KiCAD 

Figure 4.3: Parallel RLC Second Order Circuit Schematic generated with KiCAD 
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5 Results 

The following section details the results obtained using the method for each circuit analysis as 

described in section 4. All graphs shown were generated using Python XY (a scientific Python 

package) [3] with the matplotlib graphing library [4]. Tables of data can be viewed in the Appendices. 

5.1 First Order Circuits – Frequency Response 

Figure 5.1 shows the Gain of a First Order RC circuit (as detailed in section 4.1) over a frequency 

range of 1kHz to 500kHz. The frequency is plotted on a log10 scale. The theoretical data was 

generated using equations 3.7 and 3.3. 

Figure 5.2 shows the Gain of a First Order RL circuit (as detailed in section 4.1) over a frequency 

range of 1kHz to 500kHz. The frequency is plotted on a log10 scale. The theoretical data was 

generated using equations 3.6 and 3.3. 

 

Figure 5.1: First Order RC Circuit - Frequency vs Gain Bode Plot 

Figure 5.2: First Order RL Circuit - Frequency vs Gain Bode Plot 
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As detailed in section 3.2, the corner frequency can be found by looking at the frequency that 

produces -3dB Gain for the circuit. The corner frequencies for the RL and RC circuits were found 

from Figure 5.2 and Figure 5.1 respectively. Equations 3.8 and 3.9 were then used to calculate the 

Inductance and Capacitance of each circuit respectively. The calculated values are shown in the table 

below. 

First Order Circuit Properties – Frequency Response 

Name Corner Frequency 
Calculated 

Component Value 
Actual Component 

Value 

RC Circuit 16.7kHz 2.03nF 2.2nF 

RL Circuit 169kHz 4.42mH 4.7mH 

 

5.2 First Order Circuits – Transient Response 

Using the method detailed in section 4.2 the rise and fall times for each First Order circuit were 

obtained using an oscilloscope. Equation 3.13 was used to calculate the circuit time constant from 

the rise and fall time average. Equations 3.11 and 3.12 were then used to calculate the Inductance 

and Capacitance of each circuit respectively. The results from these calculations can be seen in the 

table below. 

First Order Circuit Properties – Transient Response 

Name Rise Time Fall Time 
Calculated 

Component Value 
Actual Component 

Value 

RC Circuit 21μS ±0.5μS 20μS ±0.5μS 1.98nF 2.2nF 

RL Circuit 
1.85μS 

±0.05μS 
1.95μS 

±0.05μS 
4.06mH 4.7mH 

 

5.3 Second Order Circuits – Frequency Response 

Figure 5.3: Series RLC Second Order Circuit – Frequency vs Gain Bode Plot 
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Figure 5.3 shows the Gain of a series Second Order RLC circuit (as detailed in section 4.3) over a 

frequency range of 1kHz to 50kHz. The frequency is plotted on a log10 scale. The theoretical data was 

generated using equations 3.16 and 3.3 respectively. 

Figure 5.4 shows the Gain of a parallel Second Order RLC circuit (as detailed in section 4.3) over a 

frequency range of 1kHz to 50kHz. The frequency is plotted on a log10 scale. The theoretical data was 

generated using equations 3.17 and 3.3 respectively. 

The resonant frequency can be found by looking at the maximum or minimum Gain on the series or 

parallel Second Order Circuit Bode Plot respectively. The resonant frequency can then be used with 

equation 3.20 or 3.21 to calculate the magnification of the Second Order circuit. In this case, 

equation 3.19 was used with the voltages across the Capacitor and Inductor to calculate the Q Factor 

for the Series RLC Circuit. Equations 3.20 and 3.21 can also be used to calculate the theoretical 

magnification factor of the circuit using component values. The table below shows a comparison 

between the theoretical magnification factor and the experimental magnification factor calculated 

from the empirical results for the Series RLC Circuit as well as the resonant frequency for the Parallel 

RLC Circuit. 

Second Order Circuits – Magnification Factors 

Name Resonant Frequency 
Experimental Q 

Factor 
Theoretical Q Factor 

Series 100Ω Resistor 22.5kHz 3.630 6.856 

Series 1200Ω Resistor 23kHz 0.530 0.571 

Parallel 100Ω Resistor 22.7kHz - 0.146 

Parallel 1200Ω 
Resistor 

22.7kHz - 1.750 

 

 

 

Figure 5.4: Parallel RLC Second Order Circuit - Frequency vs Gain Bode Plot 
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6 Discussion 

This section discusses the differences between the theoretical models and the empirical data 

generated from the experiments detailed in section 4. Sources of error within the circuits will be 

discussed and the potential causes of the difference between the theoretical and empirical data will 

be explored. 

6.1 Sources of Uncertainty within Experiments 

The results produced by the experiments tend exhibit the same general behaviour as would be 

expected from the theoretical model. This is largely due to the high accuracy of the test equipment 

being used allowing for very accurate Input Signals (Waveform Generator) to be applied to the 

circuit and the accurate measurement of Output Signals (DMM). 

However, there is a level of uncertainty that must be considered when analysing the empirical data, 

as is shown by the error bars on the Bode Plots. The main source of this uncertainty was the DMM, 

which has an uncertainty that increases with input signal frequency. For First Order circuits, any 

input signal with a frequency of 30kHz or greater produces an uncertainty of 3% of Reading plus 

0.3% of Range [5], this explains the large error bars on these graphs at high frequency. For Second 

Order circuits, any input signal with a frequency in the 10kHz to 30kHz range has an error of 1.5% of 

Reading plus 0.3% of Range [5]. This is the main contributor to the uncertainty of the measurement 

of the resonant frequency. 

6.2 First Order Circuits – Frequency Response Discussion 

It is clear from the trend of both the theoretical and empirical data that the RC Circuit is acting as a 

High Pass Filter. At low input signal frequencies, the circuit shows a high level of attenuation 

(approximately -24dB at 1kHz); at high input signal frequencies the circuit shows a low level of 

attenuation (approximately -0.5dB at frequencies greater than 100kHz). This conclusion is backed up 

by equation 3.2 which shows that the impedance of the capacitor will decrease as the input 

frequency increases [1, p. 45]. Generally, the gain decreases at a rate of 20dB per decade, as would 

be expected from the theoretical model. 

Generally, both the trend shown by the empirical data and the calculated corner frequency agree 

with the behaviour described by equations 3.7 and 3.9. This is backed up by the 2.02nF Capacitance 

value calculated from the corner frequency which is well within the tolerance range provided by the 

errors in measurement and errors in the actual Capacitance value of the component. This indicates 

that the testing methodology was successful and that system uncertainties were at a low enough 

level as to not affect the output of the circuit. 

The First Order RC Circuit shows a small but significant offset of approximately -0.5dB from the 0dB 

point even when the input frequency is well above the corner frequency. As this offset appears 

uniformly across the entire dataset it is most likely caused by a parasitic resistance within the circuit 

that forms a potential divider with the resistor even when the reactive impedance is very low. It is 

likely that this parasitic resistance is introduced by the capacitor, however the waveform generator 

is also introducing its internal impedance to the circuit. This parasitic resistance will have a small 

voltage drop across it; consequently, it is not possible for the entire source voltage to be dropped 

across the Resistor. 
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According to the trend of the theoretical and empirical data, the First Order RL Circuit is acting as a 

Low Pass Filter. At low signal frequencies, the circuit shows a low level of attenuation (approximately 

-0.2dB at frequencies less than 20kHz); at high input signal frequencies the circuit shows a high level 

of attenuation (approximately -10.5dB at 350kHz). This conclusion is backed up by equation 3.1 

which shows that the impedance of the inductor will increase with an increase in input frequency. 

At frequencies below 100kHz the empirical and theoretical data follow the same trend with the error 

bars on the empirical data overlapping the line produced by the theoretical model. However, at 

frequencies of 100kHz and above the data moves away from the theoretical line, showing a greater 

attenuation than the theoretical model would predict. One explanation for this behaviour would be 

a parasitic series resistance induced into the circuit. It is likely that this resistance is introduced by 

the Inductor, however the Waveform Generator will also introduce its internal impedance. On the 

contrary, the Inductance value of 4.42mH calculated from the corner frequency is well within the 

tolerance values of the measurement system and the Inductance value of the component used 

within the circuit. 

6.3 First Order Circuits – Transient Response Discussion 

Analysis of Rise and Fall times with the Oscilloscope gave an empirical value of 1.98nF for the 

Capacitance of the RC circuit. This is further away from the actual Capacitance value of 2.2nF than 

the value generated using the corner frequency, however it is still within the tolerance bands of the 

measurement system for the circuit and the component tolerance. As the oscilloscope was used for 

these measurements a larger uncertainty can be applied to the measurement of the rise and fall 

times as the oscilloscope measures voltage with a greater uncertainty than the DMM. Use of the 

Oscilloscope measurement functions will also add a level of uncertainty. 

An empirical value of 4.06mH was calculated for the Inductance of the RL circuit. Again, this is 

further away from the actual Inductance value of 4.7mH than the value generated using the corner 

frequency. This error is introduced by the greater uncertainty in the oscilloscope voltage 

measurement and the use of the oscilloscope measurement functions to measure the rise and fall 

time. 

6.4 Second Order Circuits – Frequency Response Discussion 

Both the empirical results for the series Second Order Circuit and the parallel Second Order Circuit 

follow the curves generated by the theoretical models very closely, with resonant frequencies within 

the same range and the same general behaviour across the entire frequency range. 

For the series RLC Circuit, the negative offset of gain around low, high and resonant frequencies is 

caused by a parasitic resistance in the circuit introduced by the Capacitor and Inductor. This creates 

a potential divider circuit that prevents the circuit from reaching the theoretical zero gain at these 

frequencies. 

For the parallel RLC Circuit, the positive offset of gain around the resonant frequency is caused by 

the parasitic resistance of the Capacitor and Inductor lowering the overall impedance of the parallel 

combination. This causes a greater voltage drop across the resistor than the theoretical model 

predicts, as the reactive section of the circuit has a lower overall impedance than the model predicts 

at a given frequency. 
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The error in the magnification factors from the empirical data for the series RLC Circuit is due to the 

difficulty in finding the exact resonant frequency of the circuit. This means the voltages measured 

across the Capacitor and Inductor will have a significant error as they were not measured at the 

circuits exact resonant frequency. Consequently, this causes an error in the magnification factor 

calculated from the empirical data. This is backed up by the calculated magnification factors being 

lower than the theoretical magnification factors. The voltage across the Capacitor and Inductor will 

be at their maximum at resonance. Consequently, any voltage measured across these components 

at a frequency slightly above or below resonance will be lower than the maximum and thus produce 

a lower calculated magnification factor. 

Ultimately, we can state that the series RLC Circuits act as Band Pass Filters. They allow a small band 

of frequencies to pass with very little attenuation, whilst the frequencies outside this range are 

heavily attenuated and thus damped. 

The parallel RLC Circuits act as Notch Filters. They produce a massive attenuation on frequencies 

within a certain range, causing them to be damped from the circuit. Any frequencies outside this 

range can pass through this range with little attenuation. 

7 Conclusion 

To conclude the information gained from the experiments on First Order circuits, we can say the 

following. When used in series with a Resistor, Capacitors and Inductors can be used to produce 

frequency filters that low frequencies above or below a certain critical frequency to pass with little 

attenuation. These filters are known as High Pass and Low Pass Filters. These circuits can also be 

used as timers by applying a step change in input voltage. The time constant of these circuits can be 

changed by changing component values within the circuit according to the specific time constant of 

the first order circuit. 

Second Order circuits have a specific resonant frequency which can be tuned by changing the values 

of the reactive components within the circuit. These circuit can be used to produce filters that allow 

or reject input frequencies within a certain band, known as Band Pass and Notch Filters respectively. 

The use of Bode Plots is key in the characterisation of filter circuits as they clearly show the 

frequencies at which a circuit will produce large attenuation of the input signal. They aid in the 

tuning of resonant circuits to specific frequency bands and show the specific characteristics of each 

circuit such as the corner frequency, resonant frequency and magnification factor. 

Finally, when testing any circuit, the effects of component tolerance and parasitic values introduced 

by measurement equipment or components must always be considered. As is shown by the Bode 

Plots in sections 5.1 and 5.3 they can produce offsets in the data produced by the experiment that 

must be accounted for in the discussion of the results. If these offsets are too large to make the data 

useful then the experiment must be rerun with changes that ensure that these offsets are 

minimised.  
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9 Appendices 

9.1 RC Circuit - Frequency Response Data Table 
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9.2 RL Circuit - Frequency Response Data Table 

 

9.3 Series RLC Circuit 100Ω Resistor – Frequency Response Data Table 
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9.4 Series RLC Circuit 1200Ω Resistor – Frequency Response Data Table 

 

9.5 Parallel RLC Circuit 100Ω Resistor – Frequency Response Data Table 
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9.6 Parallel RLC Circuit 1200Ω Resistor – Frequency Response Data Table 

 


