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Objective

The purpose of this experiment is to observe responses for RC and RL circuits with an oscilloscope.
A method for measuring the time constant is applied to response observations, and results are
compared to theoretical ones. A secondary purpose is to introduce and familiarize lab participants
with the oscilloscope and the function generator.

Theoretical Background

The Natural Response of an RC Circuit

To derive the natural response of an RC circuit, consider the circuit in Figure 1.

RCV
t = 0

R1 a b

Figure 1: An RC circuit.

It is assumed the switch is connected to a long enough for the leftmost loop to reach steady-state
conditions. In the presence of constant voltage, the capacitor behaves as an open circuit. Thus,
current does not flow, and the terminal voltage of the capacitor is equal to that of the source voltage.
So when the switch transitions to b at t = 0, the circuit is reduced to that in Figure 2.

i(t)

Rv(t)
+

C

v(0) = V0

Figure 2: RC circuit after switch transition, for t � 0.

KVL is applied to the circuit in Figure 2:

v � iR = 0

v = iR (1)
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The vi characteristic equation for a capacitor is noted as

i = �C

dv

dt

(2)

Substituting Eq. 2 into Eq. 1 gives

v = �RC

dv

dt

(3)

Equation 3 is a variable separable ODE which is solved for v

ˆ
dv

v

=

ˆ
� 1

RC

dt

ln |v| = � 1

RC

t+ c

|v| = e

� 1
RC t+c

|v| = e

� 1
RC t

e

c

|v| = ke

� 1
RC t

v = ±ke

� 1
RC t

v = ke

� 1
RC t (4)

Where v(0) = V0 and constant k = V0, Eq. 4 becomes the natural response of an RC circuit

v(t) = V0e
� 1

RC t

t � 0 (5)

From v(t) and Ohm’s law, the expression for i(t) is derived:

i(t) =
v(t)

R

i(t) =
V0

R

e

� 1
RC t

or

i(t) = I0e
� 1

RC t

t � 0+ (6)

It should be noted that Equations 5 and 6 are both decreasing exponentials. The speed at which
they decrease depends upon the product RC, which is referred to as the time constant. As the time
constant increases, response decay is suppressed; as the time constant decreases, response decay
increases.
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t

v(t)

0 τ  

v(t) = V0e-1/τ 

v(t) = V0 – V0t/τ  

V0

Figure 3: The natural response of an RC circuit and graphical depiction of the time constant.

The Time Constant

As noted above, the time constant is the time it takes for v or i to decrease by a factor of 1/e. The
time constant is expressed by ⌧ = RC for RC circuits, and ⌧ = L/R for RL circuits. The units for ⌧
are seconds. The graph in Figure 3 depicts a line tangent to the natural response curve that starts
from the time of steady-state t(0) and extends to the time axis. The point at which this tangent
intersects the time axis is equal to the time constant. This method for measuring the time constant
is feasible only when a graph of the response curve is available.
An alternative method for measuring the time constant, and the one which will be used in this
experiment, is called the 63.22% decay method. This states that the response decays by 63.22%
for each time constant interval. By observing the response on an oscilloscope, the time constant
can be calculated by multiplying V0 by 63.22%, extending a horizontal line from V0(.6322) to the
response curve, and calculating the distance, time, between V0(.6322) and the intersection at the
response curve. This method is also applicable to RL circuits, and is graphically depicted in the
figure below.

t

v(t)

0 τ  

V0

36.78%

Time Constant

Figure 4: The 63.22% method illustrated.
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The Natural Response of an RL Circuit

To derive the natural response of an RL circuit, consider the circuit in Figure 5.

i

R v
+

LIs R0

t = 0

Figure 5: An RL circuit.

It is assumed that the switch has been closed for a sufficient amount of time for only constant
current to exist in the circuit prior to the switch being open. Hence, the inductor behaves as a short
circuit. The short means that there is zero voltage in the inductive branch, and no current flowing
through either of the resistors. When the switch is opened at t(0), the inductor begins to release
energy, and the circuit is reduced to the one depicted in Figure 6.

i

R v
+

L

Figure 6: RL circuit after opened switch, for t � 0.
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KVL is applied to the circuit in Figure 6:

v

L

� iR = 0

L

di

dt

= �iR

ˆ
di

i

=

ˆ
�R

L

dt

ln |i| = �R

L

t+ c

|i| = e

�R
L t+c

|i| = e

�R
L t

e

c

|i| = ke

�R
L t

i = ±ke

�R
L t

i = ke

�R
L t (7)

Where i(0) = I0 and constant k = I0, Eq. 7 becomes the natural response of an RL circuit

i(t) = I0e
�R

L t

t � 0 (8)

Next, voltage is found:

v = �L

di

dt

v = �L

✓
�R

L

◆
I0e

�R
L t

v(t) = I0Re

�R
L t

t � 0+ (9)
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The natural response is depicted graphically in Figure 7 below.

t

i

0 τ  

I0 i = I0e-t/τ 

i = I0-(I0/τ  )t

Figure 7: The natural response of an RL circuit.

The Step Response of RC and RL Circuits

A step response is classified as the circuit response to the sudden application of a constant voltage
or current. The step responses exhibit how the circuit reacts when energy is being stored in the
capacitor or inductor. Consider the RC circuit in Figure 8:

R C

t = 0

Is

i

vC
+

Figure 8: Circuit used to illustrate the step response of an RC circuit.

The step response for an RC circuit is given by

v

C

(t) = I

s

R+ (V0 � IR) e�(t/RC)
t � 0 (10)

and the equation for current is given by

i(t) =

✓
I

s

� V0

R

◆
e

�(t/RC)
t � 0+ (11)

V0 is the initial value of v
C

which is equal to 0 at t = 0�. Voltage for the capacitor can not change
instantaneously, therefore Eq. 10 shows that after the switch is closed, capacitor voltage increases
exponentially from 0 to the final value I

s

R. Conversely, current in the capacitor branch changes
instantaneously from 0 at t = 0� to I

s

� V0/R at t = 0+. The current then decays exponentially to
0.
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For step response of an RL circuit, consider Figure 9:

R

L

t = 0

v(t)
+Vs i

Figure 9: Circuit used to illustrate the step response of an RL circuit.

The step response for an RL circuit is given by

i(t) =
V

s

R

+

✓
I0 �

V

s

R

◆
e

�(R/L)t
t � 0 (12)

When the initial energy in the inductor is zero, I0 is zero. Thus, Equation 12 reduces to

i(t) =
V

s

R

� V

s

R

e

�(R/L)t (13)

and the equation for voltage is given by

v(t) = (V
s

� I0R) e�(R/L)t
t � 0+ (14)

Equation 13 shows that after the switch is closed, the current increases exponentially from 0 to the
final value V

s

/R. The time constant determines the rate of increase, and, after one time constant,
the current reaches ⇡ 63% of the final value. Conversely, noting that voltage across the inductor is
0 before the switch is closed, Eq. 14 shows that inductor voltage instantaneously jumps to V

s

� I0R

when the switch is closed—the inductor voltage then decays exponentially to 0.
There is a similarity observed between the step response equations for RC and RL circuits, which
leads to the ability to generalize the process for finding a step response. Describing the general form
in English, we have

the unknown the final the initial the final
variable as a = value of the + value of the � value of the ⇥ e

↵

function of time variable variable variable

Where ↵ =
� [t� (time of switching)]

(time constant)

Thus, the generalized equation for a step response is given by

x (t) = x

f

+ [x (t0)� x

f

] e�(t�t0)/⌧ (15)
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Duty Cycle

Duty cycle is defined for a pulse as the ratio of the active interval to the total period.

Active time

Period

Figure 10: Duty cycle of a square pulse.

Duty Cycle =
Active Time

Period

The Oscilloscope

This experiment uses the oscilloscope to observe responses in a given circuit. This experiment
utilizes oscilloscope probes of type 1X. This distinction of probe type refers to the attenuation level
of a given probe. The 1X type provides a 1:1 attenuation ratio—basically, it does not attenuate
the incoming voltage and is suited for low frequency applications. In contrast, a 10X probe may
be used when increased accuracy is desired and frequencies are higher. The 10X probes provide a
10:1 attenuation by using a series 9M⌦ resistor. The attenuation of the probes results in a reduced
signal entering the scope, therefore scales on the scope may need to be adjusted accordingly.
The process for adjusting the time and voltage scales on the scope may vary depending upon the
particular scope used. First, the frequency and amplitude are adjusted on the signal generator.
Some scopes have a button labeled “auto-scale”, as is the case with this experiment, which will
provide the time and voltage scale adjustment automatically. The other method is to manually
adjust the scales. To do this, two knobs labeled “Volts/Div” and “Time/Div” are used to set the
desired amount of voltage and time per division. The divisions are represented on the scope screen
by a grid. These adjustments allow for the response being observed to be viewed on a range from
granular to many frequencies at a time. Channel calibration of this sort must be performed in order
for a response to be properly observed.

Waveforms

Waveforms are periodic shapes that model a signal. Examples of signals appropriate for representa-
tion by a waveform are current and voltage. Oscilloscopes are used to display waveforms as a given
quantity such as voltage versus time. The waveforms observed in this experiment closely resemble
sawtooth shapes, while the signals generated are square. Other types of waveforms are sine and
triangle.
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Current Measuring Resistor

This experiment requires the use of a 10⌦ current measuring resistor. The purpose of this resistor is
to draw current through the circuit in order to observe current response in the circuit. A 10⌦ resistor
is used because the resistance value is small, therefore having negligible effect on measurements.

Procedure

The RC Circuit

An RC circuit is constructed as in Figure 11. The current measuring resistor is 10⌦ and the variable
resistor is 510⌦ and 250⌦.

Voltage

Current

Current measuring 
resistor

0.1 µF

Figure 11: Experimental RC circuit.

The time constant is calculated for both the 510⌦ and 250⌦ resistor values:

⌧ = RC

⌧ = (510⌦)
�
10⇥ 104 pF

�

⌧

theo.

= 51.0µs (16)

⌧ = (250) (10⇥ 104 pF)

⌧

theo.

= 25.0µs (17)

The function generator is set to produce a square pulse. To allow for the capacitor to reach steady-
state, the source period is adjusted to at least 20⇥ the calculated time constant:

period = 20 (51.0µs)

period = 1.02ms (18)
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Frequency is calculated:

f =
1

T

f =
1

1.02 ns

f = 980Hz (19)

Amplitude is set to 5.0V and duty cycle is set to 50.0%. A 1X probe is connected to oscilloscope
and tapped into circuit at the points indicated in Figure 11. The waveform in Figure 12 is observed
from the oscilloscope.

Y2 = 4.9 V

Y1 = -5.025 V

Y2' = -1.35 V

X2 = 1.63 ms

X1 = 1.58 ms

ΔX = 58.0 μs = τ  

Figure 12: 510⌦ RC response as observed from oscilloscope.

The following calculations are made from analysis of the response in Figure 12. Y2 is when the
capacitor has reached steady-state charging, and Y1 is when it has discharged.

Y2 = 4.9V (20)

Y1 = �5.025V (21)

�Y is the total voltage in the capacitor from fully charged state to fully discharged state.

�Y = Y2 � Y1

�Y = 4.9 + 5.025

�Y = 9.925V (22)
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The 63.22% method is applied, where ⇡ 63% of the response decays after one time constant:

(.63)�Y = (.63) 9.925

(.63)�Y = 6.2575 (23)

The point on the response, Y 0
2 , where 36.78% is remaining is calculated by subtracting Eq. 22 from

Eq. 19:

Y

0
2 = Y2 � (.63)�Y

Y

0
2 = 4.9� 6.2575

Y

0
2 = �1.35V (24)

A vertical line, X2, is extended through the point where Y 0
2 and the response intersect. X1 represents

the time at which decay begins. The difference between X2 and X1 is the time constant:

X2 = 1.6338ms

X1 = 1.57520ms

⌧

meas.

= X2 �X1

⌧

meas.

= 1.6338� 1.5752

⌧

meas.

= 58.0µs (25)

Current is measured with the oscilloscope, and it’s response is compared to the voltage response in
the figure below.

Figure 13: Comparison of voltage and current responses for 510⌦ RC circuit.
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The variable resistor is changed to 250⌦ in the circuit in Figure 11. All computations follow the
same procedure as for the 510⌦ configuration—steps are omitted for space and results are reported
below:

Table 1: Summary of Calculations for 250⌦ RC Circuit

Period Freq. Y2 Y1 �Y (.63)�Y Y

0
2

500µs 2000 Hz 4.925V �5.050V 9.950V 6.2685 V �1.345V
X2 X1 �X ⌧

theo.

⌧

meas.

464.84µs 433.440µs 31.4µs 25.0µs 31.4µs

Y2 = 4.93 V

Y1 = -5.05 V

Y2' = -1.35 V

X2 = 464.84 µs

X1 = 433.44 µs

ΔX = 31.4 μs = τ  

Figure 14: 250⌦ RC response as observed from oscilloscope.
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A comparison of current and voltage responses for the 250⌦ RC circuit:

Figure 15: Comparison of voltage and current responses for 250⌦ RC circuit.

The RL Circuit

An RL circuit is constructed as in Figure 16. The current measuring resistor is 10⌦ and the variable
resistor is 500⌦.

Voltage

Current
Current measuring 

resistor

100 mH

Figure 16: Experimental RL circuit.

All calculations follow just as those for the 510⌦ RC circuit. For space considerations, the remaining
values are tabulated.

Table 2: Summary of Calculations for 500⌦ RL Circuit

Period Freq. Y2 Y1 �Y (.63)�Y Y

0
2

2.0 ms 500 Hz 871.25mV 148.75mV 722.5mV 455.17mV 416.08mV
X2 X1 �X ⌧

theo.

⌧

meas.

124µs 0.0µs 124µs 0.2ms 124µs
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Y2 = 871.25 mV

Y1 = 148.75 mV

Y2' = 416.08 mV

X2 = 124 µs

X1 = 0.0 s

ΔX = 124 μs = τ  

Figure 17: 500⌦ RL response as observed from oscilloscope.

Figure 18: Comparison of voltage and current responses for 500⌦ RL circuit.

The resistor in the circuit in Figure 16 is replaced with a 250⌦ resistor. All calculation results are
tabulated below.

Table 3: Summary of Calculations for 250⌦ RL Circuit

Period Freq. Y2 Y1 �Y (.63)�Y Y

0
2

4.0 ms 250 Hz 803.75mV 218.75mV 585.0mV 368.55mV 435.2mV
X2 X1 �X ⌧

theo.

⌧

meas.

180µs 0.0µs 180µs 0.4ms 180µs
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Y2 = 803.75 mV

Y1 = 218.75 mV

Y2' = 435.2 mV

X2 = 180.0 µs

X1 = 0.0 s

ΔX = 180.0 μs = τ  

Figure 19: 250⌦ RL response as observed from oscilloscope.

Figure 20: Comparison of voltage and current responses for 250⌦ RL circuit.
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Analysis

The RC Circuit

A generalized graphic representation of the response for RC circuit is given below.

t

v(t)

0

v(t) = V0e-1/τ 

Natural Response 
Interval

vc(t) = V0(1 - e-1/τ )

Step Response 
Interval

Figure 21: Step and natural responses for the RC circuit.

Figure 21 shows the distinction between the step and natural responses. For the step response, a
sudden application of voltage causes the capacitor to charge exponentially until it reaches steady-
state. In the absence of voltage, the capacitor discharges in the natural response interval. Current
in the capacitor is allowed to flow instantaneously upon voltage being applied, therefore the cur-
rent, depicted as the yellow curve in Figure 13, decays exponentially in the step response interval.
Measured time constants for the RC circuit are summarized below.

⌧510 = 58.0µs (26)

⌧250 = 31.4µs (27)
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The RL Circuit

A generalized graphic representation of the response for RL circuit is given below.

t

i(t)

0
i(t) = (Vs/R)(1 – e-t/τ)   Natural Response 

Interval

i(t) = I0e-t/τ 

Step Response 
Interval

Figure 22: Step and natural responses for the RL circuit.

Figure 22 shows the distinction between the step and natural responses for the RL circuit. For the
step response, sudden application of energy causes the inductor to charge with current exponentially
until it reaches steady-state. In the absence of energy, the inductor discharges current in the
natural response interval. Voltage, like current for the capacitor, appears instantaneously and
decays exponentially. Measured time constants for the RL circuit are summarized below.

⌧500 = 124µs (28)

⌧250 = 180µs (29)

Conclusion

Response behaviors observed are in agreement with what theoretical equations imply. The 63.22%
method for measuring the time constant proves more effective for the RC circuit than for the RL
circuit. The reason for this is the internal resistance in the inductor. Thus, when calculating the
time constant, the internal resistance of the inductor must be considered.
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