Arduino Mega Analog-to-Digital Converter Characterization
Background:
The Arduino Mega uses an Atmel ATMega1280 microcontroller, which has 16 on-chip analog input channels across two 10-bit ADCs.  The ATMega1280 ADCs can only handle input voltages in the range of 0 - 5 V, so care must be taken to not apply negative voltages or voltages exceeding 5 V.  An ideal ADC will produce no more than 1/2 LSB of error.  Equation 1 demonstrates the calculation for the voltage of 1 LSB.  The value n is the number of bits in the ADC.  Vmax is the maximum input voltage, and Vmin is the minimum input voltage.
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Given a 10-bit binary value, an approximate input voltage can be calculated using Equation 2.  Note that A0 represents the least significant bit (LSB) and A9 represents the most significant bit (MSB).
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Test Setup:
In order to read the digital values from an ADC input channel, ten LEDs were connected to ten digital output pins.  Although any digital I/O pins may be used, the particular pins used for testing were pins 22 through 40 (every other pin), and configured in software as outputs.  A 3.3-kΩ resistor was connected in series between each digital output pin, and the anode of each red LED.  The cathodes of the LEDs were all connected to ground on the Arduino MCU board.  Figure 1 shows the necessary connections.
	

	[bookmark: _Ref260369713]Figure 1. Schematic of test setup for ADC characterization.  The LEDs display the digital value of an analog input signal.  Pin 22 is the most significant bit, pin 40 is the least significant bit.

	


The function generator (Agilent 33120A) was configured to output a 5-VPP sinusoidal signal with a +2.5 VDC offset, and high-z termination.  The DC offset adjusts the sinusoidal signal voltage into the range of 0-5 V.  This is required because the Arduino Mega only supports a 0-5 V input voltage range on the ADC channels.
Results:
Instead of sampling each analog and digital value from 0-5V (0 to 1023 binary), a truncated test was performed.  Starting with binary 0 and shifting a ‘1’ to the left ten times (essentially multiplying by 2 each iteration), the theoretical analog input voltage was calculated using Equation 2.  Then, analog input channel 4 was connected to a DC power supply (Agilent E3631A).  The DC power supply was adjusted according to the theoretical analog input voltage column of Table 1.  The actual voltage output of the DC supply was measured (Agilent 34401A Digital Multimeter) and recorded in Table 1.  The observed binary output on the LEDs was also recorded.  Although the data in Table 1 was taken using analog input channel 4, similar results were noted when using each of the other analog input pins.
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	Theoretical Analog Input (V)
	Measured Analog Input (V)
	Theoretical Digital Output (binary)
	Observed Digital Output (binary)
	Difference (binary)

	4.995
	4.995
	11 1111 1111
	11 1111 0101
	00 0000 1010 (10)

	2.495
	2.4949
	01 1111 1111
	01 1111 1001
	00 0000 0110 (6)

	1.245
	1.2451
	00 1111 1111
	00 1111 1011
	00 0000 0100 (4)

	0.620
	0.6199
	00 0111 1111
	00 0111 1011
	00 0000 0100 (4)

	0.3076
	0.3078
	00 0011 1111
	00 0011 1100
	00 0000 0011 (3)

	0.1514
	0.1518
	00 0001 1111
	00 0001 1100
	00 0000 0011 (3)

	0.07324
	0.07361
	00 0000 1111
	00 0000 1101
	00 0000 0010 (2)

	0.03417
	0.03476
	00 0000 0111
	00 0000 0101
	00 0000 0010 (2)

	0.014648
	0.01474
	00 0000 0011
	00 0000 0001
	00 0000 0010 (2)

	0.0048828
	0.004691
	00 0000 0001
	00 0000 0000
	00 0000 0001 (1)

	0.000
	0.0
	00 0000 0000
	00 0000 0000
	00 0000 0000 (0)

	
	
	
	
	





The data in Table 2 was taken in order to determine what input voltages were needed to produce the correct theoretical binary values of Table 1.
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	Desired Digital Output (binary)
	Measured Analog Input (V)

	11 1111 1111
	5.043

	01 1111 1111
	2.525

	00 1111 1111
	1.265

	00 0111 1111
	0.6358

	00 0011 1111
	0.32079

	00 0001 1111
	0.16396

	00 0000 1111
	0.08448

	00 0000 0111
	0.04553

	00 0000 0011
	0.02552

	00 0000 0001
	0.01555

	00 0000 0000
	0.0

	
	



	

	[bookmark: _Ref260408100]Figure 2. Bit error compared with the value of the digital output from the data taken in Table 1

	


Figure 2 shows a graph plotting the bit error as it relates to the digital output.  The curve appears to have a linear region starting at around binary output 0b”00 0011 1111” (decimal 63) and extending through the maximum output, 0b”11 1111 1111” (decimal 1023).  The region from 0 through 63 or 127 is almost logarithmic in nature.

Conclusions:
The results show that the on-chip ADCs on the ATMega1280 are not very accurate.  It appears from the small data set that the error increases with the digital output values.  Between digital output values 0 and 127, the data has an almost logarithmic behavior, whereas between 63 and 1023, the data appears linear.  More data points should be taken in order to establish a more accurate calibration curve.
According to many posts on the Arduino forums, the ATMega1280 MCU doesn’t have the most accurate ADCs on it anyway, so a calibration curve is almost certainly required if high accuracy is desired.
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