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Fig. 1. Spectrum analyzer Light Show
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Abstract—The goal of our project was to design a simple cir-
cuit which could differentiate high and low frequencies through
lighting up an LEDs at predetermined and set thresholds.
Real world applications of this include the rise in holiday
light shows have led to innovation in RGB lighting syncing
with music. While this synchronicity allowed for more complex
performances, it typically has a reliance on microchips and
amidst a microchip shortage has led to increased prices.

This project investigates a more affordable alternative to
modern lighting rigs that is just as entertaining. We designed
this project using analytical, numerical, and experimental
techniques. We created the PCB layout using Ultiboard. We
then soldered the chosen component parts and confirmed the
functionality of the design.

After testing the prototype and reflecting on the design
process we have a couple key takeaways. First, modular system
design is crucial to simplifying the system and makes analysis
and debugging easier. Second, it is important to know when
a value can be approximate, like the corner frequencies, and
when it must be exact, like the MOSFET parameters. Finally, it
is important to have corroborating evidence across all forms of
testing (analysis/numerical/experimental) and understand the
system to know how to respond if physical components produce
different results.

This prototype proves the entertainment value of a minimal
LED system. Future designs can utilize the sub-system chaining
and add filters to get a more complex response.

I. BACKGROUND INFORMATION AND RATIONALE

We wanted to create our take on blinking holiday lights
using our fundamental knowledge of circuit analysis, fre-
quency analysis, and system design. Our project allows
LEDs to respond to music, specifically, "Losing it" by Fisher.
Songs are made up of a sequence of notes and the higher
the pitch of the note, the higher the frequency of the digital
signal. We chose this song because of its wide range of
frequencies as shown in Fig. 2.

Fig. 2. Frequency Analysis of "Losing it" by Fisher (Chosen bounds are
in Bold)

The LEDs respond to the music by lighting up when the
frequency of the signal is within certain upper and lower
bounds. These bounds were determined through testing and
available component parts. What this means is that when
you hear a sound with a very low pitch, the red LED should
light up, and when you hear a sound with a very high pitch

the green LED should light up. We used two LEDs for this
project so the system has 4 possible states. The system is
made up of 4 modular sub-systems. Each sub-system has
a component, either a op-amp or MOSFET, that allows us
to analyze the sub-systems independently. By designing the
circuit with modular subsystems, analysis and debugging
was a lot easier.

The system has two input channels and each channel
affects the state of the LEDs. To prevent conflicting states,
where one input channel dictates one state of the LED while
the other dictates another, the signals were combined and
amplified in the first sub-system, the summing amplifier.
Next, the signal was filtered through either the high or
low pass filter to isolate the extreme frequency content
using the corner frequencies in Fig. 2. This signal was
then approximately rectified with a peak detector, which
controlled the transition rate between states (on and off). The
signal then fed into the gate of a common drain amplifier
that controlled the current through the LED, allowing it to
blink.

II. DESIGN AND ANALYSIS

To design this system that separates a song into high and
low frequencies and flashes an LED for each, the system
was broken down into subsections or blocks. These blocks
include: the summing amplifier, the high and low pass sallen
key filters, each peak detector, and each mosfet LED driver.
The gain of the summing amplifier and the sallen key filters
was taken from the requirement of the assignment. The
circuit was designed to run off of +4.5 volts and -4.5 volts.
A 9 volt battery was used to power the circuit. To split this
9 volt supply into a dual power supply, the TLE2426IP rail
splitter IC was used. This creates a virtual ground to be used
with the op amps. A BSP170P P-channel mosfet was also
used for power management. It was placed in series with
the positive voltage from the battery to act as a diode and
protect against plugging in the battery backwards.

A. Summing Amplifier

The first section of the circuit is the summing amplifier.
It takes the right and left audio channels from the input
jacks, passes them through a high pass filter of 20 Hz,
adds them together, and amplifies the resulting sum by 3. It
also, implements a "T" feedback network with the op amp
to increase the input impedance of the circuit. We chose the
resistor values of the "T" network to be larger than 10 kΩ
to keep the input impedance high. This reduces the loading
on the device that is inputting voltage into the summing
amplifier. The final schematic can be seen in Fig. 3.

The circuit can be broken into two sections, the passive
RC high pass filter associated with each input and the
summing amplifier itself. C3 and R18 are associated with the
left channel while C14 and R19 are associated with the right
channel. The target cutoff frequency was 20 Hz. Because this
is a simple RC filter, the equation for the cutoff frequency
is as follows:
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Fig. 3. Schematic for Summing Amplifier

fcutoff =
1

2πRC

A 0.1 µF capacitor and a 82 kΩ resistor were chosen,
when used with the equation, the cutoff frequency becomes
19.41 Hz which is close enough to the target value of 20
Hz. The filter is the same for each channel so R19 and R18

are set to 82 kΩ and C3 and C14 are set to 0.1 µF.
The second part of the circuit is the summing amplifier

itself. To analyze this in the pass band of the RC filter, the
capacitor is treated as a short circuit and one of the inputs
is zeroed. This simplified circuit can be seen in Fig. 4.

Fig. 4. Simplified Summing Amplifier Schematic for Analysis

The V0 label is the point where the resistors connect to
the inverting input of the op amp. It is labeled as 0 volts
because the non-inverting input is connected to ground and
the inverting and non-inverting inputs have to be the same.
The other rule that is used in this analysis is the fact that
no current flows into either op amp input. Vx is just a label
used for analysis. I1-I4 correspond to the current flowing
through resistors R18, R2, R1, and R5 respectively. Using
KCL, the following equations are produced:

I2 + I3 = I4, I2 = I1

Using V = IR, the following equations are produced:

I1 =
Vin

R18
, I2 =

−Vx

R2

I3 =
−Vx

R1
, I4 =

Vx − Vout

R5

Using algebra to manipulate these equations to produce
gain results in the following equation:

Vout

Vin
=

−(R2R1 +R5R1 +R2R5)

R1R18

Substituting VL + VR for Vin and moving Vin, this
equations becomes:

Vout =
−(R2R1 +R5R1 +R2R5)

R1R18
(VR + VL)

Finally, inserting the chosen resistor values, the equation
for the output voltage becomes:

Vout = −3(VR + VL)

This is exactly what the design requirements of the circuit
specified. The negative gain comes from the fact that the
circuit is a negative summing amplifier.

B. High Pass Filter (HPF)
The high pass filter takes the amplified signal from the

summing amp, filters out frequencies below our chosen
corner frequency and passes the signal to the peak detector.
We considered design requirements, cost, and accuracy when
building the high pass filter. Based on a frequency analysis of
our chosen song in audacity, we wanted the corner frequency
of the high pass filter to be 1000 Hz. To minimize costs
and increase the attentuation of the filter, we decided to
build a Sallen-key high pass filter. This filter allows us to
achieve a second-order filter with a higher quality factor
(Q > 0.5) without the use of inductors. The part values in
Fig. 5 were chosen by a program in Fig. 39 that considered
available component values from our kit greater than 10kΩ
and prioritized an under-damped system without a peak (0.5
< Q < 0.707) that had the chosen corner frequency.

Fig. 5. HPF Schematic

We used a standard unity gain high pass sallen-key filter
[1]. So the filter had the following characteristics.

The general form of a second order filter.

H(s) =
ks2

s2 + sw0

Q + w2
0

K = 1 because there are no feedback resistors allowing
the frequency in the passband to have no gain.

lim
w→∞

H(s) = K = 1

The output of a DC signal is 0.

lim
w→0

H(s) =
0

w2
0

= 0

The quality factor equation was used in the code as bounds
(0.5 < Q < 0.707), but there was no preference for Q.

Q =

√
R10R11C10C2

R11C2 +R11C1 +R10C2(1−K)
= 0.677
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The result of the corner frequency equation was compared
with the expected corner frequency for accuracy.

ω0 =
1√

R10R11C1C2

= 979.53Hz

These equations allowed us to determine the best values
from our part kit shown in Fig. 5.

C. Low Pass Filter (LPF)

We designed the low pass filter with the same priorities of
cost, accuracy and functionality as the high pass filter. From
looking at the frequency analysis of our song, we selected
a corner frequency of 100Hz. A Sallen-Key low pass filter
was determined to be the best solution for our design. This
filter allows us to maintain a quality factor between 0.5 and
0.707 while filtering out everything above the 100Hz cutoff
frequency. A schematic of the low pass filter is shown below
in Fig. 6 with part values chosen by a program in Fig. 39.

Fig. 6. LPF Schematic

We calculated the quality factor for the low pass filter
using its transfer function. The calculations for the quality
factor, Q, are shown below.

H(s) =
k

s2 + sw0

Q + w2
0

k equals 1 under the current conditions where there is no
resistance in the feedback loop.

Q =

√
R3R4C1C2

R3(C1 + C2) +R4C2

ω0 =
1√

R1R2C1C2

When plugging in our chosen resistor and capacitor values
through the code included in the appendix, we found a Q
value of 0.706 and a cutoff frequency of 118.627Hz. This
results in a gain of -3.023 dB at the cutoff frequency. While
the cutoff frequency is lower than we initially intended, it
still would be acceptable for this song which has enough
frequencies below 118Hz. The trade-off of this component
combination is a higher quality factor which means better
filtering of the input signal.

D. Peak Detector

The purpose of the peak detector is to create a near
constant voltage at the peak value fed into it. It does this

through combining aspects of a super diode and a low pass
filter. It achieves a time constant, before taking the next peak
input voltage, through adding a capacitor in parallel with the
resistor heading to the negative rail. The values of the resistor
and capacitor will determine how long the capacitor takes to
discharge thus setting the time constant. A capacitor value
of 10 µF was used a resistor value of 18 kΩ. These values
were determined through experimentation with the LED and
our preference for its response time given a range for what
the time constant should be. In regards to our conceptual
design, this allows the circuit to sample voltages coming in
from the high and low pass filters and hold them so the LED
drivers can react using a steady gate voltage.

Fig. 7. Peak Detector Schematic

E. LED Driver

The LED Driver takes the output from the high/low pass
filters. It is configured as a common drain amplifier as shown
in Fig. 8 to isolate the output and input impedance’s, it also
provides control over the current gain.

Fig. 8. LED Driver Schematic
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From experimental tests of our MOSFETs as shown in
Fig. 33, we were able to determine the transconductance
parameter, KN , and the threshold voltage, VT .

VT = 2.179,KN = 0.168 GreenLED

VT = 2.126,KN = 0.153 RedLED

We wanted the gate voltage to be less than the threshold
voltage so we chose resistors accordingly. Without a signal,
the gate voltage is determined by a voltage divider. Where
Vcc is 9v.

Green LED

vG =
R17

R16 +R17
∗ vcc < VT

∴ R16 = 390kΩ, R17 = 100kΩ, vG = 1.837v < VT

RED LED

vG =
R15

R14 +R15
∗ vcc < VT

∴ R14 = 390kΩ, R15 = 82kΩ, vG = 1.564v < VT

Since the circuit will switch from saturation to cutoff, We
can assume the circuit is in the saturation region when it
has an output > 0. The max current for the Green LED is
15mA [2], so we chose our max current to be 10 mA to be
safe. The max [3] current for the Red LED is 7mA so we
chose 4 mA to be safe. We also know the max input signal
is 3v. Using this information, we can solve for the source
resistors.

IDS =
KN

2
(VGS − VT )

2

Green LED

IDS =
KN

2
(((VG,constant + Vinput)− IDSR13)− VT )

2

R13 = 241.29Ω ≈ 270Ω

Red LED

IDS =
KN

2
(((VG,constant + Vinput)− IDSR7)− VT )

2

R7 = 436.47Ω ≈ 680Ω

A higher resistor was chosen for R7 after testing.

III. SIMULATIONS

A. Summing Amplifier

To test and verify the design for the summing amplifier,
several simulations were run in Multisim. The first two
simulations tested the frequency response of each of the
input channels separately. These can be seen in Fig. 9 and
Fig. 10. The channel not being used was zeroed. It can be
seen from the bode plots that with a near DC input, the
output of the system approaches zero.

It can be seen that the approximate cutoff frequency for
the right channel is 19.31 Hz and 19.64 Hz. These values
are close enough to the analytical values of 19.41 Hz. The

Fig. 9. Bode Plot from 1 Hz to 100 KHz for Left Channel

Fig. 10. Bode Plot from 1 Hz to 100 KHz for Right Channel

point of the corner frequency was found by subtracting 3 dB
from the pass band gain:

20log(3)dB − 3dB = 6.54dB

Tests were run to verify the -3 gain of each channel. The
channel not being used was zeroed. These tests can be seen
in Fig. 11 and Fig. 12.

Fig. 11. Transient of Right Channel Input (Red) and Summer Output
(Green)

Fig. 12. Transient of Left Channel Input (Red) and Summer Output (Green)

A sine wave input of 1 kHz and amplitude 1 v was input
into each of the channels and the output of the summer was
observed. It can be seen in both images that the summer
inverts both inputs and amplifies them by 3. The cursor is
set when the input is equal to 1 volt and it can be seen that
the output is -3 volts at this point.

The last test conducted demonstrated the summing am-
plifier’s ability to sum the left and right inputs. Both sine
waves had a frequency of 1 KHz. The sine wave on the right
channel had an amplitude of 0.5 volts and the sine wave on
the left channel had an amplitude of 1 volt. The output of
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summer was a sine wave 180 degrees out of phase with an
amplitude of 4.5. This is expected as the sum of the inputs
is 1.5 and that multiplied by 3 is -4.5. The result of this test
can be seen in Fig. 13.

Fig. 13. Transient of Left Channel Input (Blue), Right Channel Input (Red)
and Summer Output (Green)

The voltage levels of both inputs and the outputs at a
peak in the inputs are labeled in the figures. All of these
tests together numerically verify the design requirements of
the summing amplifier.

B. High Pass Filter

The design of the high pass sallen-key filter was verified
with two multisim simulations a AC sweep, and DC oper-
ating point analysis. First, the AC sweep in Fig. 14 verified
the corner frequency. Using the equations from the analysis.
We know Q = 0.677 and fc = 979.53 Hz so at 20log(Q) = -
3.388 dB below the passband, fc is expected. The simulation
found a fc of 984 Hz, which is a 0.46% error. Second, the
AC sweep verified the passband gain. We know from the
equations in the analysis that K = 1 and the simulation
shows the passband is at 0dB. H(s) = 10

0dB
20 = 1 which

confirms our analysis.

Fig. 14. AC Sweep of HPF from 1 Hz to 20 kHz

From the analysis we also expected the output signal of a
DC input to be 0V because of the input capacitor and Fig. 15
confirms this.

Fig. 15. Operating point analysis with 12V DC Input Signal

C. Low Pass Filter
When simulating with Multisim, we plugged in our re-

sistor and capacitor values and got a corner frequency of
about 117.897Hz as shown in Fig. 16 below. This is very
close to the calculated cutoff frequency of 118Hz. Similarly,
the calculated gains at the cutoff frequency was very similar
to what was simulated, the two having a difference of only
0.042 dB.

Fig. 16. LPF Bode Plot 1 Hz to 20 kHz AC Sweep

D. Peak Detector
Fig. 17 shows that even with an input signal near the

lowest frequency extreme, the peak detector provides a good
approximate rectification of the input signal. An increased
frequency may have a better approximation for the peak
detector’s response using our song when simulating. The
difference between the peak detector’s max and min output
was 0.69V. While this may seem high, it had negligible effect
on the LED response when testing.

Fig. 17. Transient with 3v 50 Hz input

E. LED Driver
The following measurements used Fig. 8 with varying

inputs. The MOSFET was not simulated, only tested in
Fig. 33 because the parametes are so component dependent.

With no input, the gate voltage (Vx) is lower than VT ,
putting the MOSFET in the cutoff region, which makes sense
because the current across the LED is about 0A.

The max voltage at the gate (Vx) will be the DC offset
from Fig. 18 + a max input signal of 3V. Fig. 19 shows that
the LED stays within the safe max current range of 10mA.
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Fig. 18. Steady State Measurements

Fig. 19. Max Input Signal Measurements

F. System Simulations

Fig. 20. Right Channel 1V 100Hz Input Signal with 3v offset with VCC
from 0 to 9V

Fig. 21. Right Channel 1V 10kHz Input Signal with 3v offset with VCC
from 0 to 9V

Fig. 20 Shows that the LED with the high pass filter
(Green LED) has a gate voltage that is kept below its
threshold of 2.179 V and the RED LED has its gate voltage
above its MOSFETs threshold of 2.126V, allowing it to light.
The offset can be seen to be filtered out. The opposite is
shown in Fig. 21.

IV. EXPERIMENTAL RESULTS

In this section, the different Sections of the PCB board
were tested to confirm their function. For all of the tests,
the positive supply of the AD2 was set to 4.5 volts and
the negative supply was set to -4.5 volts unless otherwise
specified. The ground of the AD2 was connected to the
ground of the PCB, the positive supply was connected to
VCC and the negative supply was connected to VEE.

A. Summing Amplifier Experimental Results

The experimental tests for the summing amplifier were
exactly the same as the tests in Section III-A. The first two
tests tested the frequency response of the left and right inputs
separately. Wave Gen 1 of the AD2 was connected to the
left or right input with the other one connected to ground
and the output was connected to the 1+ scope of the AD2.
The results can be seen in Fig. 22 and Fig. 23.

Fig. 22. Bode Plot of the Right Channel Input to the Summing Amplifier
(Left Channel Zeroed

Fig. 23. Bode Plot of the Left Channel Input to the Summing Amplifier
(Right Channel Zeroed

Fig. 22 shows the right channel input bode plot. Since the
gain of the amplifier is 3 in the pass band, the decibel gain
should be around 9.54 dB. It was measured to be 9.205 dB.
Using the measured pass band gain, the -3 dB point should
be around 6.205 dB. Using this value, the break frequency
was measured to be 19.212 Hz which is acceptably close
to the expected value of 19.41 Hz. Fig. 23 shows the left
channel input bode plot. Since the gain of the amplifier is
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3 in the pass band, the decibel gain should be around 9.54
dB. It was measured to be 9.255 dB. Using the measured
pass band gain, the -3 dB point should be around 6.255 dB.
Using this value, the break frequency was measured to be
19.212 Hz which is acceptably close to the expected value
of 19.41 Hz.

The next two tests tested for the gain of each channel
of the summing amplifier independently in the pass band.
Wave Gen 1 and 1+ scope of the AD2 were connected to
the right or left input with the other input being grounded.
The results of the tests can be seen in Fig. 24 and Fig. 25.

Fig. 24. Time Plot Showing the Right Input (Orange) and the Output (Blue)
of the Summing Amplifier with a Sine Wave of 1 kHz an Amplitude of 1
Volt.

Fig. 25. Time Plot Showing the Left Input (Orange) and the Output (Blue)
of the Summing Amplifier with a Sine Wave of 1 kHz an Amplitude of 1
Volt.

In both tests, the input was a sine wave of 1 kHz and
amplitude of 1 volt. In both of the of the tests, a peak of the
input is labeled with the voltage of the input and the output.
In both tests, when the input was 1 volt, the output was -3
volts. This verifies that the gain of the amplifier was -3.

The next test involved inputting an identical sine wave to
the left and right channels to observe the summing property
of the summing amplifier. Wave Gen 1 was connected to the
right input, Wave Gen 2 was connected to the left input and
the 1+ scope pin, and the output of was connected to the 2+
scope pin. This test can be seen in Fig. 26.

In the figure, the voltage at a peak in the input is labeled
as well as the voltage of the output. If both inputs are 500
mV volt, the output voltage should be -3 volts because
−3(500mV + 500mV ) = −3volts. This test verifies the
summing property of the amplifier.

The last test involved inputting the audio signal into the
summing amplifier and probing the output. The audio cable
was plugged into the computer and the PCB and the out of

Fig. 26. Time Plot Showing the Left Input (Orange) and the Output (Blue)
of the Summing Amplifier with a Sine Wave of 1 kHz and Amplitude of
500 mV Volt on Both Inputs

the summing amplifier was connected to the 1+ scope pin
of the AD2. The results can be seen in Fig. 27.

Fig. 27. Time Plot Showing the Output of the Summing Amplifier with
the Song as an the Input to the Left and Right Channel

B. High Pass Filter Experimental Results

We can confirm the corner frequency, DC operating point,
and passband gain from Fig. 28. First, The plot shows that
there will be enough attenuation to produce an output of
0V at 0Hz. Second, at 20log(Q) = 3.388dB, the corner
frequency is 1.08 kHz. This is a 10.2% error from the
expected vale of 979.53 Hz, but accurate enough because
the corner frequency was chosen and doesn’t have to be
exact. Lastly, The passband gain can be seen to be 0dB
which corresponds to a gain k = 1 as we expected.

Fig. 28. Bode Plot AC Sweep 5 Hz - 10kHz
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C. Low Pass Filter Experimental Results

We can confirm the corner frequency, DC operating point,
and passband gain from Fig. 29. First, The plot shows that
there will be enough attenuation to produce an output of
0V as the frequency approaches ∞. Second, at 20log(Q) =
−3.023dB, the corner frequency is 119.57 Hz. This is a
10.2% error from the expected value of 118.627Hz, but
accurate enough because the corner frequency was chosen
and doesn’t have to be exact. Lastly, The passband gain can
be seen to be 0dB which corresponds to a gain k = 1 as we
expected.

Fig. 29. Bode Plot AC Sweep 5 Hz - 5kHz

D. Peak Detector Experimental Results

Due to the placement of the test points on the pcb, the
input biasing resistor and capacitor network was tested with
the peak detectors for the high and low side. To test the
biasing resistors and the peak detector, the left and right
inputs were grounded, the output of the summing amp was
connected to the inputs of the filters, the output of the filters
to the peak detectors were open, the input to both mosfet
stages were connected to VEE , and the input of the peak
detector not is use was grounded. The input of the peak
detector being tested was connected to wavegen 1 on the
AD2 as well as the 1+ scope pin. The output of the peak
detector was connected to the 2+ scope pin.

For each peak detector circuit, a 75 Hz sine wave with an
amplitude of 1 volt was used an in input and the output of
the peak detector was observed. The peak detector associated
with the high frequency side was tested first. The sine wave
described above and the output of the peak detector can be
seen in Fig. 30. The signal enters the resistor biasing network
consisting of C13, R17, and R16 sets the average value of
the sine wave to -2.66 volts. The peak detector then holds
the maximum value of this shifted signal. It can be seen in
Fig. 30 that the peak voltage of the output is -1.899 volts.
The amplitude of the output is then −1.899v− (−2.66v) =
0.77v. This value is acceptable because the capacitor in the
peak detector cannot charge fast enough to reach all the way
to 1 volt.

The peak detector associated with the low frequency side
was tested second. The sine wave described above and the

Fig. 30. High Side Peak Detector Input (Orange) and output (Blue) with
a 75 Hz Sine Wave with Amplitude of 1 Volt as the Input

output of the peak detector can be seen in Fig. 31. The signal
enters the resistor biasing network consisting of C12, R15,
and R14 sets the average value of the sine wave to -2.94
volts. The peak detector then holds the maximum value of
this shifted signal. It can be seen in Fig. 30 that the peak
voltage of the output is -1.899 volts. The amplitude of the
output is then −2.196v − (−2.94v) = 0.74v. This value is
acceptable because the capacitor in the peak detector cannot
charge fast enough to reach all the way to 1 volt.

Fig. 31. Low Side Peak Detector Input (Orange) and output (Blue) with a
75 Hz Sine Wave with Amplitude of 1 Volt as the Input

E. LED Driver Experimental Results

The MOSFETs was characterized with the circuit in
Fig. 32. Two points in the saturation region were chosen
from Fig. 33 and a system of equations was solved to
determine the MOSFET parameters Kn and Vt.

Fig. 32. MOSFET Characterization Schematic
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Fig. 33. VGS Sweep of MOSFET with 3V amplitude 1V offset ramp-up
signal from Fig. 32

Due to the location of the test points, the mosfet circuit
test here only consists of testing the mosfet, LED, and source
resistor. In the following tests. The right and left inputs were
grounded and the gates of the mosfets were connected to
different voltages. The voltage across the source resistor was
measured relative to VEE . The following equation will be
used when testing the mosfets with the maximum input level
because it is assumed they are in the saturation region.

IDS =
Kn

2
(VGS − VT )

2

The mosfet controlling the green LED (high frequnecy
indicator) was tested first. Because the resistors R16 and R17

set the gate voltage of the mosfet at 1.837 volts (relative to
VEE) when there is no input, the gate of the mosfet was
set to this voltage to test the case when no input is applied.
The voltage across the source resistor was measured with
this input. The values can be seen in Fig. 34. The voltage
across the resistor is practically 0 which indicates that there
is no current flowing through it and the LED is off.

Fig. 34. Gate Voltage (Channel 1) and Voltage Across Source Resistor
(Channel 2) of the Mosfet Controlling the High Frequency LED

To test the maximum possible input, the maximum am-
plitude of the signal coming from the peak detector was
added to the voltage of the gate with no input, for the high
frequency mosfet, the gate voltage becomes 4.8367 volts
relative to VEE . The voltage of the source was measured,
this can be seen in Fig. 35. The voltage on the source resistor
is 2.363 volts. Using the fact that the source resistor on the
high frequency LED mosfet driver is 270 Ω and V = IR, it
can be determined that the current flowing through the LED
is 8.75 mA. This value indicates that the LED is on and
it is also less than the target maximum current of 10 mA.
The Kn and VT values for this mosfet are 0.168 A/V 2 and
2.179 volts respectively. Calculating IDS with the saturation

equation yields an IDS of 8.17 mA, which is close to the
measured value.

IDS =
0.168

2
((4.854v − 2.363v)− 2.179v) = 8.17mA

Fig. 35. Gate Voltage (Channel 1) and Voltage Across Source Resistor
(Channel 2) of the Mosfet Controlling the High Frequency LED

The mosfet controlling the red LED (low frequnecy indi-
cator) was tested second. Because the resistors R14 and R15

set the gate voltage of the mosfet at 1.563 volts (relative to
VEE) when there is no input, the gate of the mosfet was
set to this voltage to test the case when no input is applied.
The voltage across the source resistor was measured with
this input. The values can be seen in Fig. 36. The voltage
across the resistor is practically 0 which indicates that there
is no current flowing through it and the LED is off.

Fig. 36. Gate Voltage (Channel 1) and Voltage Across Source Resistor
(Channel 2) of the Mosfet Controlling the Low Frequency LED

To test the maximum possible input, the maximum am-
plitude of the signal coming from the peak detector was
added to the voltage of the gate with no input, for the
low frequency mosfet, the gate voltage becomes 4.563 volts
relative to VEE . The voltage of the source was measured,
this can be seen in Fig. 37. The voltage on the source resistor
is 2.255 volts. Using the fact that the source resistor on the
high frequency LED mosfet driver is 680 Ω and V = IR,
it can be determined that the current flowing through the
LED is 3.32 mA. This value indicates that the LED is on
and it is also less than the target maximum current of 4 mA.
The Kn and VT values for this mosfet are 0.153 A/V 2 and
2.126 volts respectively. Calculating IDS with the saturation
equation yields an IDS of 14.9 mA. This value is far from
what was measured. One of the possible reasons is the fact
that the threshold voltage measurement was known to be off.

IDS =
0.153

2
((4.576v − 2.255v)− 2.126v) = 14.9mA

Fig. 37. Gate Voltage (Channel 1) and Voltage Across Source Resistor
(Channel 2) of the Mosfet Controlling the Low Frequency LED
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F. System Level Experimental Results

To test the pcb on a system wide level, the chosen song
was used an input and the voltage at the output of either peak
detector was measured. This test was performed with the
battery as the power source and the rail-splitter IC inserted.
The result can be seen in Fig. 38.

Fig. 38. Voltages of the Gates of the Driver Mosfets With the Song playing
(High frequency Peaks in Orange and Low Frequency Peaks in Blue)

It can be seen that the amplitude of both signals is under 3
volts and that the signals are independent. There are portions
where the high frequency output is on and the low frequency
is off and vise versa.

V. CHALLENGES AND WORKAROUNDS

The PCB and circuit design process rendered a few
issues that were addressed and resolved. They are listed and
described below:

1) The summing amplifier, low pass and high pass filters
were not outputting correctly. The voltage output should
have been centered at ground but it was centered at the
negative rail of the supply (VEE). This was solved by
inspecting the board and finding a resistor that had not
been soldered in well. The solder on the end of the
resistor lead made it appear to have a good connection
when in reality it did not. Soldering the resistor back
in solved the problem.

2) The red LED was dimly lit even if there was no input
signal. The threshold voltage for the mosfet driving
the LED was measured to be 2.125 volts. The voltage
divider in the mosfet driver stage was designed to give
it 2 volts when there was no input. Because the LED
was lit with no input, this meant the measurement of
the threshold voltage was wrong. The bottom resistor
in the voltage divider was decreased from 100 kΩ to
82 kΩ. This lowered the gate voltage and the LED was
no longer dimly lit with no input signal.

3) To characterize the Mosfet, we created a transient anal-
ysis of Fig. 32 and took a measurement approximately
at the transition between the cutoff and saturation
regions. We thought this was a good approach to
finding the Mosfet parameters because at this point,
VDS = VGS − VT . However, because it is difficult to
tell exactly where this transition point was, our values
didn’t make sense (ie. too extreme). Instead, we took
two measurements in the saturation region of IDS , VDS

then solved for KN , VT with a system of equations.
These parameters were much more accurate.

VI. CONCLUSIONS AND THOUGHTS FOR FUTURE
CLASSES

This project was an in-depth synthesis of the topics we
covered throughout the semester. We utilized our under-
standing of fundamental circuit laws, frequency analysis,
component properties, and common circuit designs to create
a successful prototype of a spectrum analyzer. This process
took us through all the phases of the creation process. We
designed the circuit and proved the design worked analyt-
ically and numerically. This reinforced our understanding
of well-studied architectures like the high-pass sallen-key
filter and common drain amplifier. We then designed the
system in Ultiboard. This allowed us to gain real-world PCB
design experience and we gained a better understanding of
the importance of component layout, especially the power
lines. Next, we built the sub-systems on a breadboard and
soldered them into the PCB debugging the PCB along the
way. Throughout this project we gained important trouble
shooting skills and experience with industry tools.

In the future, we would love to see a greater variety of
PCB designs, with an increased freedom of expression for
how the LEDs respond to the song. Utilizing the same rel-
ative design, students could instead choose among a variety
of filters including HPF, LPF, band-pass filters, and band-
reject filters all filters that we have covered this semester.
This would lead to more interesting LED responses.

Our advice to future students is to try to understand the
purpose behind each sub-system. We thought the most diffi-
cult parts were the ones that had no one right answer. Thus,
understanding each subsystem’s function makes designing,
especially choosing arbitrary component values, a lot easier.
We also thought it is important to understand how the system
was designed as a whole. As we attempt to build future and
possibly more complicated systems, you should think about
what made this project easier to tackle and or more difficult.

We leave future students with a couple questions to
consider. Why did we choose a modular design? What sub-
systems should have been integrated into the project first and
why? What values matter to the design and how important
is their accuracy?
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APPENDIX

Fig. 39. Code to find HPF/LPF Resistor and Capacitor Component Values
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