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Figure 2.2: Proposed EOG electrode placement for eye tracker. One reference electrode placed 
on the forehead. 

 

In order to enable the user to left or right-click something on their computer screen, blink 

patterns can be used to trigger a left or right click. Due to prominent signal artifacts from the 

orbicularis oculi muscles, as can be observed particularly in the y-axis channel, the rapid spikes 

in the signal can be correlated to a blink as shown in Figure 2.3. 

 

Figure 2.3: Orbicularis oculi signal artifacts in EOG signal. Can be used to perform mouse click 
functions on-screen. 

 

 In order to maintain calibration when the head is moved, an inertial measurement unit 

(IMU) can be used to track head movement. By tracking the Earth’s magnetic field using the 

magnetometer to find the rotation angle, a gyroscope for head tilt and an accelerometer for 
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head displacement, head movement can be considered in the calibration sequence to maintain 

accuracy. This has not yet been incorporated into the design but can readily be implemented in 

a commercial system at a later date. 

 
2.2 Initial Design 

 Due to the small signal received by the EOG electrodes, the signal must be amplified 

and filtered before use. The device was first designed using discrete cascaded operational 

amplifiers (op-amps) for amplification, isolation, filtering and rectification. As the signal ultimately 

received by the analog-to-digital converter (ADC) has a linear correlation with eye movement, a 

calibration sequence can allow the signal to be translated directly into cursor coordinates. This 

initial design was first assembled and verified on a breadboard before being designed into a 

printed circuit board (PCB).  

 

2.2.1 Amplification and Active Filter Design 

In order to process the EOG signals for measurement by the ADC, the signal was 

processed through 8 stages of amplification and filtering. These stages were designed for an 

overall amplification of 1000 – 43000 V/V and filtering out frequencies greater than 20Hz. 

1. Instrumentation Amplifier – Due to the EOG signals measuring only a few microvolts 

(µV) in amplitude, this op-amp configuration must be used to measure the differential 

potential. In contrast to a conventional differential amplifier layout, the 

instrumentation op-amp has a high input impedance that prevents unwanted drops in 

voltage, greatly improving its accuracy. The gain of this circuit can be calculated 

using equation 2.1. 

 
𝑉𝑜𝑢𝑡

𝑉2−𝑉1
= (1 +

2𝑅1

𝑅𝑔𝑎𝑖𝑛
)

𝑅3

𝑅2
     (2.1) 
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Due to the difficulty in obtaining highly impedance-matched resistors for the circuit, 

instrumentation amplifier ICs were used in this device. In this stage, Rgain was 

configured to provide a 100 V/V open loop gain. 

 

Figure 2.4: Instrumentation amplifier circuit. Gain was set to 100 V/V. 

 

2. Non-Inverting Amplifier – As a means for additional amplification of the signal, a 

standard non-inverting op-amp configuration was used. Using a potentiometer in 

place of the feedback resistor, an additional gain of up to 51 V/V was added. 

3. Linear Optoisolation Amplifier – In order to provide the user with additional isolation 

from potential electrical faults, a linear optoisolator was used. Due to the non-linear 

characteristics of a diode, an LED/photodiode isolation barrier also has a non-linear 

output. While ideal for digital applications, additional challenges must be overcome 

for use in analog applications. Components such as the Texas Instruments ISO124 

can be used for precision linear isolation. By using a duty cycle modulation-

demodulation technique, isolation can be achieved through a 2pF capacitive barrier 

[12]. Unity gain was used in this stage. 

4. Low-Pass Filter – After providing enough amplification to the signal, frequencies 

outside the needed range can be filtered. Since EOG signals are largely in the 0 – 15 

Hz frequency range, a 5th order active low-pass Butterworth filter was designed to 

provide a sharp cutoff without attenuating the signals of interest. This was developed 

using two Sallen-Key topology low-pass filters, selected due to its simplicity for a 
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high-impedance input and 2-pole filter response, and one additional low-pass RC 

filter.  

 

Figure 2.5: Sallen-Key topology low-pass filter. Design goal was a corner frequency of 20 Hz 
with the measured corner frequency of ~19.5 Hz which was more than sufficient for this 

application. 

 
Using the Sallen-Key topology shown in Figure 2.5, the transfer function H(s) in 

equation (2.2) can be used to calculate its frequency response. The natural 

frequency ω0 can be calculated using equation (2.3) and the dampening factor ζ 

using equation (2.4). 

𝐻(𝑠) =
𝜔0

2

𝑠2+2𝜁𝜔0s+𝜔0
         (2.2) 

𝜔0 = 2𝜋𝑓0 =
1

√𝑅1𝑅2𝐶1𝐶2
          (2.3) 

2𝜁𝜔0 =  
1

𝐶1
(

𝑅1+𝑅2

𝑅1𝑅2
)         (2.4) 

 

In this case, the two Sallen-Key filters were designed to have a natural frequency of 

18.94 Hz and 19.43 Hz, respectively. The additional RC filter was designed for a 

frequency cutoff of 19.41 Hz, as shown in equation (2.5). 

𝜔𝐶 =
1


=

1

𝑅𝐶
        (2.5) 

Using these parameters, the circuit in Figure 2.6 was obtained and verified through a 

frequency response analysis in PSpice. Each individual stage’s response can be 

found in Figure 2.7 and the overall cascaded response can be found in Figure 2.8. 
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Figure 2.6: 5th order low-pass Butterworth filter circuit. Designed for a 20Hz cutoff frequency. 

 

Figure 2.7: PSpice frequency response of each stage of filtering. Stages shown in Figures 2.5 
and 2.6. Note that the 3 dB cutoff frequency design goal of 20 Hz was achieved when all three 

stages were simulated in cascade. 

 

Figure 2.8: PSpice frequency response of overall filter. Low-pass Butterworth filter with -3 dB 
point at 20 Hz. 

-3dB 
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5. Unity Gain Buffer – Due to the high output impedance of the RC filter, a unity gain 

buffer was needed to maintain the signal integrity. The impedance transformation 

provides a stronger signal to the next stage and prevents overloading of the filter by 

the load.  

6. Inverting/Non-inverting Amplifiers – In order to collect both the positive and negative 

signals in the ADC, which can only read values greater than the 0V reference, the 

signal was divided into 2 channels and further amplified with a non-inverting and 

inverting amplifier. This stage provided an additional 4.2 V/V gain. 

7. Precision Half-Wave Rectifier – Due to the ~0.7V voltage drop from a series diode, a 

precision half-wave configuration was used for rectification instead. By using this 

configuration on both the inverted and non-inverted channels, the negative 

components of each signal can be cut off for safe sampling by the ADC. These two 

channels are later summed in the microcontroller program. This stage provided an 

additional 2 V/V gain. 

 

Figure 2.9: Precision half-wave rectifier. Used to ensure proper signal processing in the on-
board microcontroller circuit. 

 

8. Right-Leg Driver – Since the body also acts as an antenna for signals in the 

surrounding environment, such as 60Hz noise from the power mains in a room, a 

common-mode rejection circuit was used. By collecting the common mode signals 

from the center-tap of Rgain on each instrumentation amplifier, these signals can be 
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inverted, amplified and driven into the reference electrode to actively cancel these 

signals. 

 

Figure 2.10: Block diagram of initial eye tracker system. Diagram shows EOG signal inputs 
(horizontal and vertical, left of figure) and final processed signals feeding the microcontroller 

after ADC sampling (right of figure). 

 

2.2.2 Breadboard Prototype 

 

Figure 2.11: Digital photograph of initial design breadboard circuit. Includes leads to EOG 
electrodes.  

 
 In order to verify operation of this configuration, the circuit was first assembled on a 

breadboard using the components as outlined in table 2.1. As use of the linear isolation 

amplifier doesn’t provide amplification or filtering in this circuit, in addition to consideration of the 

added cost, this component was emitted from this iteration of the design. To provide additional 

safety to the user, a 50mA current limit was set on the ±12V power supply. Using a 50kΩ 
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potentiometer as the feedback resistor and a 5kΩ potentiometer between the offset pins, gain 

and offset could be manually adjusted on the variable amplifier stage. The ADC port of an 

Arduino Micro was used to collect and combine the data and transmitted through a UART COM 

port to a computer. This Arduino was later replaced by an MSP430F5529 TI Launchpad in order 

to allow for simple translation to the PCB microcontroller. The full schematic of this iteration can 

be found in Appendix A. 

 

Table 2.1: Eye tracker initial design breadboard components 

Stage Component Quantity Model Comments 

Instrumentation 
Amplifier 

Instrumentation 
Amplifier 

2 INA128P 
Used to avoid impedance 
matching resistor values 

Variable 
Amplifier 

General Purpose Op-
Amp 

2 LM741CN 

OFFSET NULL pins 
used for variable offset, 

feedback resistor for 
variable gain 

Linear Isolation 
Linear Optoisolation 

Amplifier 
0 - 

Emitted from this 
iteration 

Butterworth 
Filter 

General Quad Op-Amp 2 LM324AN - 

Unity Gain 
Buffer 

General Quad Op-Amp - LM324AN 
Included in Butterworth 

filter component 

Inverting and 
Non-Inverting 

Amplifier 

General Purpose Op-
Amp 

4 LM741CN - 

Rectifier General Quad Op-Amp 2 LT1079CN 
Used for single-supply 

operation capability 

Right Leg 
Driver 

General Purpose Op-
Amp 

3 LM741CN - 

ADC Sampling Microcontroller 1 
Arduino 
Micro 

Sampled on four ADC 
channels. Negative 

channels negated and 
added to positive 

channel 
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2.2.3 PCB Design 

 

Figure 2.12: Digital photograph of the initial design printed circuit board (no solder mask). The 
board was fabricated by Advanced Circuits and populated in-house. Board dimension 9 by 6.5 

cm. 

 

In the second iteration of this design, the verified breadboard circuit was designed into 

an embedded system on a printed circuit board (PCB) with dimensions of 9 x 6.5cm. This PCB 

was designed and assembled using the components as outlined in Table 2.2. Powered by a 

single 3.7V 2000mAh lithium-ion battery, this circuit includes boost/buck DC-DC converters to 

provide the required ±3.3V and ±5V supplies. In addition, a second set of power supplies with 

an isolated ground plane was included in the design to provide additional noise isolation and 

safety to the user. This ground plane (ISO_GND) is connected to the primary ground (GND) 

through ferrites and isolates the instrumentation amplifiers, first stage of amplification, the right 

leg driver and the input of the isolation amplifier. In order to provide programmatic control of the 

gain and offset, digital potentiometers were used with SPI and I2C interfaces to the 

microcontroller. 

 The microcontroller included in this design, a TI MSP430F5529, was selected due to its 

low power capabilities and 12-bit ADC. In addition, its high-speed USB interface allows for the 

device to be programmed as a standard human interface device (HID) to be seen by the 

computer as a mouse. This will allow for the program written for the computer interface to be 
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ultimately limited to only the calibration process, requiring less of the computer’s resources for 

operation. Alternatively, a UART-interfaced RF Digital RFD22301 module was also included in 

this design to allow for wireless communication with a computer or smartphone. While not 

directly included on this board, a header with an I2C interface allows for a head-mounted IMU to 

be connected to the device for compensation in the calibration step. The full schematic of this 

design can be found in Appendix B. 

Table 2.2: Eye tracker initial design PCB components 

Stage Component Quantity Model Comments 

Instrumentation 
Amplifier 

Instrumentation 
Amplifier 

2 INA333 

Chosen due to its 
small package and 

50µA current 
consumption 

Variable 
Amplifier 

General Purpose Op-
Amp 

2 TLE2141 

OFFSET pins used for 
variable offset, 

feedback resistor for 
variable gain 

Gain 
Potentiometer 

50kΩ Digital 
Potentiometer 

2 AD5270 

Used as feedback 
resistor for variable 
amplifier. Controlled 

by MCU 

Offset 
Potentiometer 

5kΩ Dual-Channel  
Digital Potentiometer 

1 AD5258 
Selected due to dual 
channel capability. 
Controlled by MCU 

Linear Isolation 
Linear Optoisolation 

Amplifier 
2 ISO124U - 

Butterworth 
Filter 

General Quad Op-Amp 2 AD8608 - 

Unity Gain 
Buffer 

General Quad Op-Amp - AD8608 
Included in 

Butterworth filter 
component 

Inverting and 
Non-Inverting 

Amplifier 
General Quad Op-Amp 2 AD8608 - 

Rectifier General Quad Op-Amp - AD8608 
Included in 

inverting/non-inverting 
amplifier component 

Right Leg 
Driver 

General Quad Op-Amp 1 AD8608 - 

ADC Sampling 
Microcontroller  
(12-bit ADC) 

1 
MSP430F552

9 

2 ADC channels per 
EOG channel. 

Negative channel 
negated and added to 

positive channel 
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Table 2.2: (continued) 

Stage Component Quantity Model Comments 

Wireless 
Communication 

Bluetooth 
4.0/BLE Module 

1 RFD22301 

Communicates 
with 

microcontroller 
through UART 

Charging Battery Charger 1 BQ24155 

Communicates 
with 

microcontroller 
through I2C 

Power Supply 

±3.3V 
Buck/Boost 

DC-DC 
Converter 

2 TPS65130 
Additional 
supply for 
ISO_GND 

Power Supply 
±5V Buck/Boost 

DC-DC 
Converter 

2 TPS65135 
Additional 
supply for 
ISO_GND 

Battery 
Li-ion 2000mAh 

3.7V Battery 
1 GSP 585460 - 

 

2.2.4 Device Programming and Algorithms 

 To enable a smooth transition between the breadboard and PCB, in addition to simplicity 

of troubleshooting hardware interfaces, the Texas Instrument’s Energia IDE was used for 

programming this iteration of the design. In addition, a C# program was written using Microsoft 

Visual Studio for assisting in the calibration process and converting COM data to cursor 

movement.  

This program begins its setup() function by initiating the communication interfaces with 

the computer COM port and digital potentiometers and proceeds to halt the program until the 

COM port is paired with the computer. 

 

2.2.4.1 Calibration Sequence 

 In order to translate the ADC information into cursor coordinates, the microcontroller 

must first collect information on the dimensions of the screen and record information on the 

user’s gaze. The program first waits for a string of data in the format: “@x-dim,y-dim” (i.e. 

@1024,0768). The “@” symbol is used to verify that the received data is intended for the device 
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and the “,” is used as a delimiter between dimensions. Once the required string is received, a “!” 

is sent back to the computer to indicate successful pairing. 

 The calibration() function then proceeds to wait for incrementing values from 0 to 6, each 

indicating the user is ready for each step of the calibration sequence. Each time a channel value 

is sampled, the negative channel value is negated and added to the positive channel to obtain 

the full signal. 

 Step 0 - Center: The vertical and horizontal gains are first set to 1024, which correspond 

to their lowest resistance value. With the user looking at the center of the screen and the 

offsets set to their maximum value, the vertical offset is then decremented until the 

recorded signal is within a ± 10, or ± 32.2mV, tolerance range. This process is then 

repeated for the horizontal offset. If a value within the tolerance is not recorded after 

sweeping the entire range of the potentiometers, a “0” is sent to the computer to inform 

the user of a failed calibration. If successful, a “1” is sent to continue into step 1. 

 Step 1 - Top: Now focusing the user’s gaze on the top of their screen, the vertical gain is 

incremented until a value is received within the tolerance range from 3V. This allows for 

a baseline maximum value for the range. If a value within the tolerance is not recorded 

after sweeping the entire range of the potentiometer, a “0” is sent to the computer to 

inform the user of a failed calibration. If successful, a “1” is sent to continue into step 2. 

 Step 2 - Bottom: The user then focuses on the bottom edge of the screen and the 

vertical offset is decremented until a value within the tolerance range from -3V. The total 

number of decrement iterations is then divided by 2 and added back to the offset 

potentiometer to place the center position back at 0. If a value within the tolerance is not 

recorded after sweeping the entire range of the potentiometer, a “0” is sent to the 

computer to inform the user of a failed calibration. If successful, a “1” is sent to continue 

into step 3. 


