
 TB3185
 ADC Gain and Offset Error Calibration on ARM® Cortex®-

M0+ Based MCUs

Introduction

This technical brief provides a brief overview on gain and offset errors in ADC. It also describes a method
to calibrate gain and offset errors in the SAM family microcontrollers (MCUs) that have a ARM® Cortex®-
M0+ core. In SAM Cortex™-M0+ MCUs, the ADC gain and offset errors can be compensated through
hardware, thereby reducing the application overhead of compensating these ADC errors.

Applicable MCUs

All SAM Cortex-M0+ MCUs, with the exception of the Sigma Delta ADC (SDADC) that is available in SAM
C21 devices.
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1. Offset Error
ADC Offset error is defined as the deviation between the first ideal code transition and the first actual
code transition. The first ideal code transition takes place at 0.5 LSB.

If the output code is greater than zero when the input voltage is less than 0.5 LSB, the ADC has a
positive offset error. ADC has a negative offset error if the first output code transition occurs when the
input voltage is greater than 0.5 LSB.

Both positive and negative offset errors limit the available range of the ADC. A large positive offset error
causes the ADC to saturate before the input voltage reaches maximum. A large negative offset error
results in zero ADC output code for small input voltages.

For additional information, refer to the ADC Offset Error page, which is available on the Microchip
Developer Help site.
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2. Gain Error
Gain error is defined as the deviation of the midpoint of the last step of the ideal ADC transfer from the
midpoint of the last step of the actual ADC, after the offset error is compensated.

If the transfer function of the actual ADC results in ADC saturation before the input voltage reaches
maximum, a positive gain error is produced. If the transfer function of the actual ADC is such that the
ADC does not reach full-scale value when the input voltage is at maximum, a negative gain error is
produced..

For additional information, refer to the ADC Gain Error page of the Microchip Developer Help site.

Gain error can also be represented as the full-scale error minus the offset error, as shown in the following
graph.

Figure 2-1. Full-Scale Error, Gain Error, and Offset Error in ADC
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3. Calibrating the Offset and Gain Errors Using a Two-Point Calibration
Method
For a unipolar ADC, the input range is always positive and the output code ranges from zero to full-scale
(or 0xFFF for a 12-bit ADC). However, a unipolar ADC can have both positive and negative offset errors.
While it is possible to calculate (and calibrate) the positive offset error by applying zero volt input, it is not
possible to calculate the negative offset error by applying zero volts to the ADC input. This is because in
the case of a negative offset error, applying zero volt input will read 0x000, thereby giving a false
impression that there is no offset error. Therefore, a two-point calibration method must be used and the
two calibration points must be chosen such that one calibration point is slightly below 10% and the
second calibration point is slightly above 90% of full-scale range.

Please note the SAM D21 MCU is used in this example.

In this example, the two calibration points are chosen at V1 = 0.15V and V2 = 1.55V, which are at
approximately 9% and 93% of the full-scale value of 1.65V (internal reference INTVCC1 is selected,
which sets the ADC reference voltage to one-half VDDANA).

The ideal ADC output values at V1 and V2 are represented as Ci1 and Ci2.

The actual ADC output values at V1 and V2 are represented as Ca1 and Ca2.

Using an accurate voltage source, apply V1 = 0.15V and save the actual ADC output value as Ca1. The
ideal ADC output voltage Ci1 at V1 = 0.15V can be calculated as (V1 x 4096)/1.65 ≈ 372.

Similarly, apply V2 = 1.55V and save the ADC output value as Ca2. The ideal ADC value Ci2 can be
calculated as (V2 x 4096)/1.65 ≈ 3847.

The gain and offset error will be calculated using the equation of a straight line y = mx + b, where m is the
slope of the line and b is the offset.
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Figure 3-1. Two-Point Calibration Method
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The gain error can be calculated as the slope of the actual ADC output divided by the slope of the ideal
ADC output.

Gain Error = (Ca2-Ca1) / (Ci2 - Ci1)

= (3914 – 404) / (3847 – 372)

= 1.01

Once the gain error is calculated, the offset error can be calculated as b = y - m.x

Offset error = Ca1 – (Gain error x Ci1) = 404 – (1.01 x 372) = 28

The gain and offset errors can be compensated by writing the calculated error values to the GAINCORR
and OFFSETCORR registers.

The GAINCORR is a 12-bit register and the values can range from 1024 to 4095. The GAINCORR
register must be programmed as:

GAINCORR = 2048/gain error

The range of GAINCORR register is 0.5 <= GAINCORR < 2, where a gain error of 0.5 corresponds to a
GAINCORR value of 4095 and a gain error of 2 corresponds to a GAINCORR value of 1024.

In the above example, GAINCORR = 2048/1.01 = 2027
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The OFFSETCORR is also a 12-bit register and the value to be programmed is in two’s complement
format.

OFFSETCORR = offset error

In the above example, the OFFSETCORR register must be programmed as 28.

Once the GAINCORR and OFFSETCORR registers are programmed, the gain and offset correction can
be enabled by setting the CTRLB.CORREN bit to 1.

Note:  For SAM D21 MCUs the CORREN bit is part of CTRLB register. Refer to the specific device data
sheet for register details on other ARM Cortex-M0+ based MCUs.

With the gain and offset correction is enabled, the compensated value will be calculated by the ADC as
given below:

Result = (Conversion value – OFFSETCORR) x (GAINCORR/2048)

In the above example, the ADC will compensate for the gain and offset errors as:

Ca1 = (404 – 28) x (2027/2048) ≈ 372 (which matches Ci1)

Ca2 = (3914 – 28) x (2027/2048) ≈ 3846 (which is close to Ci2)

The above method of calibration assumes a straight line or a linear transfer function between the
calibrated points. If the accuracy is needed over the entire range of ADC, multi-point calibration may be
performed as shown in the following figure. The calibration values can be stored in a look-up table and
the error can be compensated by the software at run-time. Of course, there is a trade-off between the
number of calibration points, execution time and memory usage.
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Figure 3-2. Software-Based Multi-point Calibration to Compensate for Non-linearities in the ADC
Transfer Function
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Other application considerations include selecting the calibration points to lie within the used ADC range.
For example, if the sensor output varies from 0.75 V to 1.25 V, the calibration points must be chosen to
remain within this range. Also, to improve the accuracy of the calibration values, the ADC samples may
be averaged by enabling the averaging feature available in the ADC.
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4. Relevant Resources
For additional information, refer to the following documents and web page:

• The Understanding ADC Specifications page on the Microchip Developer Help site
• Microchip application note: AN693 - Understanding A/D Converter Performance Specifications
• Microchip application note: AT11481 - ADC Configurations with Examples
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The Microchip Web Site

Microchip provides online support via our web site at http://www.microchip.com/. This web site is used as
a means to make files and information easily available to customers. Accessible by using your favorite
Internet browser, the web site contains the following information:

• Product Support – Data sheets and errata, application notes and sample programs, design
resources, user’s guides and hardware support documents, latest software releases and archived
software

• General Technical Support – Frequently Asked Questions (FAQ), technical support requests,
online discussion groups, Microchip consultant program member listing

• Business of Microchip – Product selector and ordering guides, latest Microchip press releases,
listing of seminars and events, listings of Microchip sales offices, distributors and factory
representatives

Customer Change Notification Service

Microchip’s customer notification service helps keep customers current on Microchip products.
Subscribers will receive e-mail notification whenever there are changes, updates, revisions or errata
related to a specified product family or development tool of interest.

To register, access the Microchip web site at http://www.microchip.com/. Under “Support”, click on
“Customer Change Notification” and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

• Distributor or Representative
• Local Sales Office
• Field Application Engineer (FAE)
• Technical Support

Customers should contact their distributor, representative or Field Application Engineer (FAE) for support.
Local sales offices are also available to help customers. A listing of sales offices and locations is included
in the back of this document.

Technical support is available through the web site at: http://www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip devices:

• Microchip products meet the specification contained in their particular Microchip Data Sheet.
• Microchip believes that its family of products is one of the most secure families of its kind on the

market today, when used in the intended manner and under normal conditions.
• There are dishonest and possibly illegal methods used to breach the code protection feature. All of

these methods, to our knowledge, require using the Microchip products in a manner outside the
operating specifications contained in Microchip’s Data Sheets. Most likely, the person doing so is
engaged in theft of intellectual property.

• Microchip is willing to work with the customer who is concerned about the integrity of their code.
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• Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their
code. Code protection does not mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the
code protection features of our products. Attempts to break Microchip’s code protection feature may be a
violation of the Digital Millennium Copyright Act. If such acts allow unauthorized access to your software
or other copyrighted work, you may have a right to sue for relief under that Act.

Legal Notice

Information contained in this publication regarding device applications and the like is provided only for
your convenience and may be superseded by updates. It is your responsibility to ensure that your
application meets with your specifications. MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY
OR OTHERWISE, RELATED TO THE INFORMATION, INCLUDING BUT NOT LIMITED TO ITS
CONDITION, QUALITY, PERFORMANCE, MERCHANTABILITY OR FITNESS FOR PURPOSE.
Microchip disclaims all liability arising from this information and its use. Use of Microchip devices in life
support and/or safety applications is entirely at the buyer’s risk, and the buyer agrees to defend,
indemnify and hold harmless Microchip from any and all damages, claims, suits, or expenses resulting
from such use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual
property rights unless otherwise stated.

Trademarks

The Microchip name and logo, the Microchip logo, AnyRate, AVR, AVR logo, AVR Freaks, BeaconThings,
BitCloud, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, Heldo, JukeBlox, KeeLoq, KeeLoq logo,
Kleer, LANCheck, LINK MD, maXStylus, maXTouch, MediaLB, megaAVR, MOST, MOST logo, MPLAB,
OptoLyzer, PIC, picoPower, PICSTART, PIC32 logo, Prochip Designer, QTouch, RightTouch, SAM-BA,
SpyNIC, SST, SST Logo, SuperFlash, tinyAVR, UNI/O, and XMEGA are registered trademarks of
Microchip Technology Incorporated in the U.S.A. and other countries.

ClockWorks, The Embedded Control Solutions Company, EtherSynch, Hyper Speed Control, HyperLight
Load, IntelliMOS, mTouch, Precision Edge, and Quiet-Wire are registered trademarks of Microchip
Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, AnyIn, AnyOut, BodyCom,
chipKIT, chipKIT logo, CodeGuard, CryptoAuthentication, CryptoCompanion, CryptoController,
dsPICDEM, dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, EtherGREEN, In-Circuit Serial
Programming, ICSP, Inter-Chip Connectivity, JitterBlocker, KleerNet, KleerNet logo, Mindi, MiWi,
motorBench, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient
Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PureSilicon, QMatrix, RightTouch logo, REAL
ICE, Ripple Blocker, SAM-ICE, Serial Quad I/O, SMART-I.S., SQI, SuperSwitcher, SuperSwitcher II, Total
Endurance, TSHARC, USBCheck, VariSense, ViewSpan, WiperLock, Wireless DNA, and ZENA are
trademarks of Microchip Technology Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

Silicon Storage Technology is a registered trademark of Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany II GmbH & Co. KG, a subsidiary of
Microchip Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
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