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1 I NTRO AND O VERVIEW
Chameleons camouflage themselves by replicating the colors of their surroundings. Our
objective is to build a device which, like a chameleon, can measure the color of the surface
it rests on and replicate it. The ability of our cube to measure color will demonstrate an understanding of the measurement principles we have learned over the course of the semester,
and the production of a matching color will involve the signal processing techniques from
various labs. The final result is a small battery powered cube that will turn the color of any
surface it is placed on.
The circuit is made of two major subsystems: the Driver Circuit and the Detector Circuit.
Since all colors are made from some combination of red, blue, and green, the cube can measure any color with three sensors. Each sensor shines a primary-colored LED at the surface
and reads the reflected light with a photodiode. Using the filter structure from the pulseoximeter the circuit filters out all light not coming from either the LED or reflections from
the LED. The cube now has three signals, each corresponding to the relative strength of the
three primary color components of the measured surface. These are the three signals that are
passed on to the Tri-Color Light Emitting Diodes (LEDs) to reproduce the detected color.
The color producer is a simple grid of tri-color LEDs, with the leads connected in parallel
to the signals derived from the sensor. Since the sensor already normalizes these signals to
comparable values, inputting them produces a close match to the measured color. Potentiometers will allow the user to make fine adjustments to improve color reproduction accuracy.
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2 C IRCUIT D ESIGN
One of the early decisions that our team made was that we wanted the challenge of designing a completely analog circuit instead of using a microcontroller for all of our signal
processing. For this reason, the circuit does not use either a computer or an arduino. The
circuit has two main parts: the driver and the receiver.

2.1 D RIVER C IRCUIT
The driver circuit is shown in the figure below:

Figure 2.1: Circuit Schematic for Driver Circuit

The driver circuit is simple. It consists of a hysteric oscillator set to oscillate at approximately 5Hz. The output square wave is then buffered before being passed to a red, a green
and a blue LED in order to flash them simultaneously. This square wave is also sent to a quad
control chip (CD4066B) that controls the multiplier in the receiver circuit.
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2.2 R ECEIVER C IRCUIT
The Receiver Circuit is more complicated. The overall design concept can be represented in
the following diagram:

Figure 2.2: Concept Digaram for Receiver Circuit

As shown in the figure above, the receiver circuit architecture is such that the signals corresponding to each light primary color does not mix with any of the other signals. This is a key
feature of our design that allows the circuit to be completely analog.
Although each receiver circuit is almost identical, they each have slight variations in resistor choices. This is because the photodiodes respond differently to different colors of light.
The photodiode that we chose (Vishay BPV10) is most sensitive to red light and least sensitive
to blue. Therefore our amplification is lowest on the red channel. While blue should theoretically be amplified the most, we experimentally determined that the circuit worked best when
the green channel was amplified the most and built our circuit accordingly.
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The figure below shows the green receiver circuit:

Figure 2.3: Circuit Schematic for Green Receiver Circuit
As shown in the figure above, the circuit consists of several parts:
D ETECTOR The detector consists of a photodiode, an op-amp and a 1 Mega Ohm Resistor.
As more light enters the photodiode, the current across it increases, causing a greater voltage
drop across the resistor. However, the op-amp needs to keep the positive and negative input
terminals equal, so it increases the output voltage accordingly.
+/-1 MULTIPLIER The +/-1 multiplier multiplies the output signal of the detector by +1
when the LED connected to the driver circuit (hereon referred to as the driven LED) is on
or -1 when the driven LED is off. Note that the effect of the light coming from the driven LED
is only present when the signal is multiplied by +1 and absent when the signal is multiplied by
-1 while the effect of ambient light is present in both. This means that later, when the average
of the signal is taken, the effect of ambient light will be averaged away and only the effect of
the driven LED will show up in the signal.
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L OW PASS F ILTER This low Pass Filter (LPF) is used to further filter other high frequency
signals that may be detected by the photodiode. Since the driven LED is only being driven by
a 5Hz oscillation, we are only interested in that signal and anything oscillating at faster than
5Hz is not of interest to us. In this case, we’re using an LPF of 15Hz as the first LPF in order to
filter out faster oscillations without attenuating our own 5Hz oscillation.
L ONG T IME C ONSTANT LPF The job of these filters is to perform the actual averaging as described in the "+/-1 Multiplier" section above. This averaging is what will remove the effects
of ambient light and allow the circuit to be more resilient to changes in ambient light.
S UBTRACTOR The subtractor performs two functions. Firstly, it is what allows us to calibrate
the output of the circuit. This is possible because the subtractor allows us to change the bias
voltage of the signal. This means we can bias the voltage up or down in order to calibrate the
circuit response in only ambient light. Secondly, the subtractor also allows us to amplify the
signal based on the photodiode’s response to different colors of light. In particular, we experimentally determined that the circuit replicates color most accurately when amplification is
largest in the green receiver circuit and smallest for the red receiver circuit.
As mentioned earlier, the receiver circuits for red, green and blue light are identical except
for the subtractor configuration. The main circuit diagram shows the green configuration.
The following sub-diagrams show only the subtractor diagram for both the blue and red subtractor circuits.

Figure 2.4: Circuit Schematic for Blue Subtractor Circuit
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Figure 2.5: Circuit Schematic for Red Subtractor Circuit

As can be seen, the gain is 10X for the red subtractor, approximately 28.8X for the blue subtractor and approximately 40.6X for the green subtractor. As mentioned earlier, anything
shown in the overall detector circuit shown in figure 2.3 that comes prior to the subtractor
is exactly the same for all 3 detector circuits.
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3 E XPERIMENTAL P ROTOCOL
3.1 B UILDING THE C IRCUIT
In order to minimize the effort needed to produce the working circuit, the circuit should
be built in a modular fashion and each module should be tested before moving on. The first
part to be built should be the driver circuit.
D RIVER The driver consists of a hysteretic oscillator oscillating at 5Hz. Once built, check the
output of the oscillator. It should produce a square wave with approximately 5Hz frequency.
Once sure that the oscillator works, that signal can be distributed to the three buffers. Following each of those three buffers should be a resistor of the value indicated in figure 2.3 before
being passed to either the Red, Green or Blue detector LEDs. Once completely built, the LEDs
should all flash in phase and at approximately 5Hz frequency.
D ETECTOR C IRCUIT Once the driver circuit works, the next step should be to build the detector subsystem. The detector circuit begins with a photodiode where one of the leads is
connected to ground and the other is connected to the negative input of the op-amp. Once
the detector subsystem is built, the output of the op-amp should be checked with an oscilloscope. The output should be such that a higher voltage is obtained when more light falls
across the photodiode.
+/-1 M ULTIPLIER Once the detector subsystem works, the +/-1 Multiplier Subsystem should
be built next. Once built, the output should be a signal should be a square wave. When the
ambient light is increased, the amplitude of the squarewave should increase and when it is
decreased, the amplitude should also decrease.
F ILTERS Once the +/-1 Multiplier works, the next part to build will be the series of low pass
filters. These filters serve several purposes:
1. Attenuate any signal above the 5Hz signal from the driver
2. Integrate the square wave signal in order to remove the effects of ambient light from
the circuit
3. Further attenuate the signal such that the 5Hz fluctuations due to the flashing are reduced while maintaining the voltage output.
The purpose of these filters is to integrate the signal and eliminate the five hertz oscillation
from the signal. After they are implemented, the output of the circuit should be a line rather
than a square wave and it should not respond at all to ambient light. The more reflected light
that there is, the higher the signal should be.
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S UBTRACTOR This circuit takes the output of the filters and adds or subtracts a constant
voltage to it. The function of this is to allow the circuit to be calibrated for the output LEDs
so that the signal crosses the threshold voltage of the LED at the proper moment. This part
of the circuit also includes an amplifier to adjust for the differences in the response of the
photodiodes to different frequencies of light.

3.2 U SING THE C IRCUIT
To test the circuit there is first a preliminary calibration step done through the potentiometers in the subtractor block. This is easiest to do with only one detector at a time, so we
blocked the others with tape. Then we took a black sheet of paper and tuned the detector so
that there was no light emitted from the final LEDs. Then we took a white sheet of paper and
checked that the LED turned on. If this did not work as expected, we changed the gain in the
subtractors such that the LEDs turned on to the desired level. Finally, we checked all three
detectors at once and tuned the potentiometers slightly more in order to match colors more
effectively. To use the circuit, we put it on different color pieces of paper and checked if the
colors matched reasonably or not. In addition, we measured the outputs of the final op-amp
with an oscilloscope to ensure that they were increasing and decreasing as expected.

4 S UMMARY OF SYSTEM TESTING PRELIMINARY WORK
B READBOARD W ORK There were some trial and errors when building a receiver circuit before we finalized the diagram. We were confused at understanding additive colors mix. At
our first attempt, the red voltage going into the tri LED decreased when we reflected the red
light into the diode, which should be doing the opposite. We found the problem that the subtractor input was switched, so we changed the + input, which was originally connected to the
variable resistor, to the input voltage from a detector, and connected the variable resistor to
the - input. Simply, we switched the inputs and subtracted the calibrated constant voltage
from the changing input voltage to the differential amplifier. After debugging this problem,
we did the same procedure for the rest of receivers. After building all three color receivers,
we tested a cyan colored paper, the tri color LED performed pretty nicely. However it didn’t
do quite a good job for the yellow or sky blue colored paper. So we came to realized that the
gain for each of colors are different and we need to set the resistance for each of the subtractors (differential amplifiers) differently. After fixing all the problems, the tri-color LED
reproduced the exact same color of the paper that we put on at the top of the three LEDs and
diodes.(Figure 4.1, 4.2)
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Figure 4.1: After observing the circuit working as we intended, we set the resistor values that
make 2.28 V, the ambient light to zero.

Figure 4.2: Breadboard Testing

P RINTED C IRCUIT B OARD (PCB) W ORK Since our circuit has about ten chips, and three receivers, copying the circuit into a small PCB board was tricky. There were some issues regarding space limits and power consumption. For the space limits, we had to design the PCB in a
way that the LED and diodes are close together for each of the colors and also close between
three colors LED/diodes pair, in order to measure the color at the same point. In addition, the
number of chips and resistors made it difficult to place all of the parts on the limited space of
the board.
The power connections on the PCB also needed to be different. We did not want to power
the cube from a computer, but we needed five volt power rather than the nine volts supplied
by a standard battery. To solve this problem we added a power section to our circuit that
regulated the nine volts from the battery to 5v, 2.5v and 0v.
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5 M ECHANICAL S YSTEM
The mechanical system for this project consists of a box to house the circuit and cut out interaction between the different detectors. The base of the box is a milled out block of polypropylene that has three holes for emitter LEDs and photodiodes. The top part of the box is also
milled out of polypropylene. The top surfaces is milled to the point where it is just translucent enough for the light from the LEDs to shine through but also to be mixed. The box is a
completely enclosed unit and also has a switch to allow for it to be turned on and off without
opening it.

Figure 5.1: Final Enclosed Cube
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6 F INAL D ATA AND I NTERPRETATION
Unlike a traditional measurement project, our project does not have significant data processing and analysis. However, we will begin by demonstrating that the circuit produces the right
output plots, then demonstrating that it functions visually. Finally we will discuss some of
the functionality limitations our circuit has.

6.1 C IRCUIT O UTPUT R ESPONSE P LOTS
The traces below show the circuit response to being placed on different colored pieces of
paper. Each the color of each trace is the same as the intended color of the channel it is measuring. In each case, it is clear that the color that is being measured is much stronger than the
other colors. it is also worth noting that while the mixing in some cases may seem unusual,
this system is tuned for a specific LED. Therefore it is tuned for the threshold voltages of that
LED rather than to record on a computer and may mix differently on each. However, the response clearly shows the component colors of the paper being measured.

Figure 6.1: Circuit Output Response to a Black Sheet of Paper Only
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Figure 6.2: Circuit Response to a Transition from a Black to a Cyan Sheet of Paper

Figure 6.3: Circuit Response to a Transition from a Black to a Blue Sheet of Paper
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Figure 6.4: Circuit Response to a Transition from a Black to a Green Sheet of Paper

Figure 6.5: Circuit Response to a Transition from a Black to a Purple Sheet of Paper
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Figure 6.6: Circuit Response to a Transition from a Black to a Red Sheet of Paper

Figure 6.7: Circuit Response to a Transition from a Black to a White Sheet of Paper
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Figure 6.8: Circuit Response to a Transition from a Black to a Yellow Sheet of Paper
As shown in the figure 6.1, the red, blue and green traces are set at different voltages even
on black paper, when they should all be unlit. This is because the circuit is calibrated for the
visual response of the LEDs.
Subsequently, figures 6.2 through 6.8 demonstrate the circuit mixing the 3 primary colors
in order to produce the color of the sheet of paper. To produce Cyan, it mixes green and blue
(figure 6.2). To produce blue, the signal is comprised largely of blue light (figure 6.3). To produce green, the signal largely consists of green light (figure 6.4). To produce purple, the circuit
mixes a large amount of purple with a slight amount of red (figure 6.5). The reason the red is
mixed in significantly lower proportion is because the sheet of paper we used was a shade of
purple which actually did comprise of alot of blue and only a slight amount of red. To produce
red, the signal is largely comprised of the signal from the red detector (figure 6.6). To produce
white, all 3 signals are mixed (figure 6.7). Finally, to produce yellow, red and green are mixed
(figure 6.8). These 8 different test colors show that our circuit is working as expected.
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6.2 V ISUAL C IRCUIT R ESPONSE
We also used visual comparisons to validate our circuit. Below are pictures of 3 different colored sheets of paper and the circuit’s response to each:

Figure 6.9: Picture of the Circuit’s Response to a Cyan Sheet of Paper

Figure 6.10: Picture of the Circuit’s Response to a Green Sheet of Paper
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Figure 6.11: Picture of the Circuit’s Response to a Blue Sheet of Paper

6.3 F UNCTIONALITY L IMITATIONS
Our circuit works well on strong primary colors. However, when colors become more mixed
the circuit’s response becomes less predictable. This is likely due to the fact that the amplification on each channel is not perfectly tuned, causing problems with subtle mixing. In
addition, the circuit is tuned for reflections from paper. When it is placed on either more or
less reflective surfaces it does not necessarily reproduce the correct color.
The circuit is also not able to reproduce pastel colors such as "Salmon Orange" or "Baby
Blue". We believe this is because our detector and replication method is very simplistic and
thus more complicated colors such as these cannot be processed accurately by our circuit.
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7 C ONCLUSIONS
The circuit works as originally planned. While there as some functionality limitations it replicates paper colors quite well and can be tuned to different types of surfaces.
There is also future work worth performing. We originally proposed to produce a social version of this cube. The idea was that the cube would replicate color by mixing the color it
detected beneath it with the color of another cube which emitted a fixed color. The mixing
ratio would be based upon the distance between the color mixing cube and the cube emitting
a fixed color. The larger the distance between them, the closer the replicated color would be
to the color beneath the cube. The closer they were, the closer the replicated color would be
to the fixed color of the other cube. However, because we met significant challenges moving
from the breadboard to the PCB, we were unable to develop this feature of the cube. Hence,
future work could attempt to address this feature and design an extension to our circuit that
would be able to perform this feature.
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