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Lab 5: Sensing Part 2

Part 0: Introduction
In this lab, we will be exploring different filters covered in lecture. We’ll be selecting our own cutoff and resonant

frequencies for three filters: CR Highpass, RLC band-pass, and CR-RC band-pass.
In order for enough isolation between frequencies for each filter, we want you to target these cutoff or resonant

frequencies for each respective circuit:

High Pass 15 kHz or above
RLC band-pass 9 kHz

CR-RC band-pass 2.5-6 kHz

Ultimately, these frequency ranges are guidelines: the goal of this lab is to independently light up your LEDs (with
little to no overlap).

Figure 1: High-level overview of completed lab.

This is a significantly larger circuit than the circuits you have built in previous labs, and will be built on a separate
breadboard, so be sure to plan ahead when constructing your circuit, and keep your circuit clean! You don’t
want to building the band-pass filter only to find you don’t have enough space!

Sketch on a piece of paper how you plan to allocate the space on your breadboard. After that, you’re now
ready to build your filters!
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Part 1: High-Pass Filter
The first filter we will be building is a first-order RC high pass filter. This is the simplest high pass filter imple-

mentation, and can be implemented with a single pole (thus, making it a first order filter). Frequencies above the pole
frequency are allowed to pass, and any frequencies below the pole frequency are attenuated. This pole frequency is
also commonly referred to as the cutoff frequency.

The transfer function of the first order RC highpass filter is as follows:

H( jω) =
ZR

ZC +ZR
=

R
1

jωC +R
=

jωRC
1+ jωRC

Notice that we have a jωRC term in the numerator. This means that we have a zero at jω = 0. This makes sense...
What does the Bode plot for a high pass filter look like? How does a zero affect the Bode plot of a transfer
function?

For more information on high pass filters, refer to Appendix A.

Part 2: RLC Band-Pass Filter
In the second part of this lab, we will be building an RLC band-pass filter. Depending on how sharp the filter is, it

can either filter out all frequencies besides one resonant frequency, or pass a band of frequencies. This specific second
order band-pass filter is implemented by placing an inductor, capacitor, and resistor in series.

Your circuit should look like this:

Figure 2: RLC band-pass Filter.

Its transfer function can be written as:

H( jω) =
Ṽout

Ṽin
=

ZR

ZL +ZC +ZR
=

R
R+ jωL+ 1

jωC

=
R

R+ j(ωL− 1
ωC )

It is obvious that |H( jω)| will be equal to 1 if ωL = 1
ωC (look at the denominator of the final equation for H( jω)). The

frequency where this equation is true is known as the resonant frequency–the frequency at which the circuit naturally
oscillates when not driven by an external source. We can derive the formula for the resonant frequency ω0,

ω0L =
1

ω0C

ω0
2LC = 1

ω0 =
1√
LC

At resonant frequency, the L and C reactances cancel each other out and create a short circuit, leaving only the
resistor. For our RLC band-pass filter, the frequencies around ω0 will be passed, while frequencies further away from
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ω0 will be attenuated. Intuitively, this makes sense as we showed that |H( jω)| was be equal to 1 at the resonant
frequency.

This band-pass circuit contains one resonant frequency ω0 and a characteristic called the Q factor, where for an
RLC circuit in series,

Q =
ω0L

R
At a high level, the Q factor represents the ’quality’ of RLC filters. The higher the Q factor, the smaller the bandwidth
around the resonant frequency, which means that there will be sharper attenuation at the frequency of choice. The Q
factor can also be used to determine whether a system is underdamped, overdamped, or critically damped. A higher
Q factor corresponds to underdamping, whereas a small Q factor corresponds to overdamping. You can think of the
resistor in the circuit as what causes the damping. Energy is dissipated in our resistor, whereas inductors and capacitors
both store energy in the form of magnetic and electric fields respectively. Therefore the larger the resistance, the higher
the damping of the system (how does this relate to frequency attenuation in our magnitude response?). Please refer to
Appendix B for more information about second order filters.

Sanity check question: Does the resistor value in an RLC filter matter? I.e. how does it impact the response
of our RLC band-pass filter?

Exercise left for the reader: The above example uses a RLC circuit connected in series in order of inductor,
capacitor, then resistor. What happens when we have the circuit connected in series in order of resistor, induc-
tor, and capacitor? How is this new circuit different from our current one? What happens to the magnitude
response? Where is its resonance frequency?

Part 3: CR-RC Band-Pass Filter
In the final part of this lab, we will be building a second-order band-pass filter by chaining/cascading together a

low-pass and high-pass filter.
The band-pass filter has two cutoff frequencies: ωhp and ωlp, which correspond to the high-pass and low-pass

cutoff frequencies respectively. Which of the two cutoff frequencies should be higher?
The frequency response of the band-pass will look something like this:

ωhp ωlp

0

0.5

1

Band-pass Frequency Response (Bode Approximation)

High-pass
Low-pass
Band-pass

Sanity check question: Does the order of the filters matter? I.e. does it matter whether we chain low-pass into
high-pass or vice versa?

Note that although both are named band-pass filters, the RLC band-pass has a different frequency response from
the CR-RC band-pass filter.

Sanity check question: When might we want to use the RLC Band-pass filter over the CR-RC and vice versa?

In order to accomplish this, we want the transfer functions of our two filters to multiply. However, we need to
be careful: we cannot simply plug the output of one of the filters into the input of the other directly; doing so would
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“load” the first filter and affect its cutoff frequency because the second filter ends up drawing current from the first. If
we want to make sure the transfer functions to multiply and give us the desired band-pass frequency response without
affecting each other, we need to somehow isolate the first filter from the second while still passing the output of the
first to the input of the second. Here is where buffers come into play.

Buffers
You can think of a buffer as providing an impedance transformation between two cascaded circuits. When you

observe an undesired loading effect between two circuits, placing a buffer between them changes the load impedance
of the first circuit to a very high value and the source impedance of the second to a very low value in accordance
with (approximately) ideal op-amp characteristics. As the op-amp does not allow any current to flow into its input
terminals, this prevents the second filter from drawing current from the first filter and affecting the frequency response.
Instead, the second filter draws its current from the output of the op-amp, which is a replica of the first filter’s output
due to this being a buffer circuit. This allows you to build very modular circuits easily, without having to do lots of
ugly algebra.

By placing a buffer in between our two filters that make up the band-pass filter, cascading them does not change
the transfer functions of the individual circuits and the overall transfer function of the cascade is simply the product of
the transfer functions of the individual circuits. This is why buffers are so useful in filter design.

Your final CR-RC filter should look similar to this.

Figure 3: CR-RC band-pass diagram.

Note that the order of the low-pass and high-pass do not matter. Convince yourself why this is the case.

Part 4: Connecting to LEDs
Finally, we want to connect our 3 new filters each to their respective LEDs. However, we cannot directly connect

the output of our filters to our LEDs as the LEDs may load our filters (similar to how we could not directly connect
the low-pass and high-pass filters together for the CR-RC Band-Pass). Furthermore, the voltage output of the CR-RC
band-pass may not be strong enough at the peak to light up fully (why is this the case?). Therefore, like we did in
Part 3, we must create a buffer after the output of our filters before driving the LED, and for the CR-RC band-pass
in particular, we recommend utilizing a non-inverting amplifier to act as a buffer and provide a gain to increase the
voltage output. This means that you will be building a total of 3 buffers and 1 non-inverting amplifer throughout
this lab Although tedious, it is imperative you do this to get a working color organ!
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Appendix A: Derivation of first and second order RC filters
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Appendix B: Derivation of second order filters
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Appendix C: EECS16A Circuits Cookbook
(For Reference: Example Circuits)

Voltage Divider Voltage Summer Unity Gain Buffer
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R2 VR2
V1

R1 R2
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−

+

vout
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VR2 =VS

(
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)
Vout =V1

(
R2
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)
+V2

(
R1

R1+R2
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= 1

Inverting Amplifier Non-inverting Amplifier Transresistance Amplifier

−

+

R f

vout
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−

+
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vout
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+

VREF

R vout

iin
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(
−R f
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)
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