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Introduction
Individual True Color Sensors (TCS) vary in certain filter layers and silicon sensitivity due to tolerances
and drifts that occur during manufacturing. Normally, such variations are less than 1%, but they cause
sensors to be "non-uniform" from batch to batch or individually. Therefore, correction after
manufacturing is usually necessary if uniformity of the sensor is desired. Tolerances smaller than 1%
often also result in color errors seen by the human eye. Figure 1 to Figure 3 show other situations
where standards are violated or sensor results are affected by interference.
Figure 1:
Sensor Filter Does Not Match CIE1931 Functions Exactly

Figure 2:
LED Lighting Does Not Match Spectrum Of D65 Standard Illumination
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Color standards such as CIE1931 are only valid under special requirements when conditions are met.
The CIE1931 standard observer defines special filter functions under the condition of a standard light
source used (D50, D64, A, etc.). When using white light LED illumination in a CIE1931 XYZ
measurement system, this condition is violated because the LED is not a defined standard light
source. Therefore, the conversion of the light sources must be taken into account in the sensor
corrector.
A realization of the XYZ standard observer, based on standard CMOS silicon, is also only possible
with deviations since the CMOS sensitivity, in connection with the on-chip filters, does not exactly
correspond to the CIE standard. In addition, changing temperatures, external light sources as
disturbance variables, and other sensor system components and their properties, can negatively
influence the sensor results. Depending on system conditions and customer requirements, these
errors must all be corrected, and the sensor results transferred to the application (with their unit as
absolute XYZ).
Figure 3:
IR Radiation In Rest Transmission Affects Sensor Result Negative

After calibration, each sensor should measure, more or less, the same XYZ color coordinates within a
small and acceptable tolerance and residual error, which the customer must specify when choosing
the calibration method. The calibration method, and its fundamentals (target or sensor behavior), are
some of the most important factors affecting accuracy and must be adapted to the application and
customer requirements. The method, with its properties and limitations, must be adapted to the
customer requirement, simulated, and optimized beforehand.
The following chapters describe a calibration method for the direct measurement of light sources (e.g.
for display measurement). Since the sensor behavior cannot be measured exactly for each sensor in
series (here it cannot be corrected with a negated behavior function), the sensor is to be corrected by
using a target, typical for the application, with known XYZ values. The target is measured by a
spectrometer and the results are processed as XYZ target values, with the measured sensor values to
the correction matrix.
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Calibration Method and Process
A calibration should achieve an identical TCS behavior in the real color space to measure colors
exactly based on the customer’s specification. Calibrating such TCS is to find a functional relationship
between the measured sensor values under real conditions at the known or measured color targets.
This results in a correction function, which can be used to adapt the measured values in color sensing.
This adaptation and the color targets are the most important parameters to difference several
calibrations. Using alternative algorithms and targets with identical sensor data, produce different
results. Therefore, it is important to find an optical calibration method and target for each application.
Figure 4:
Due To Varied Calibration Algorithms Different Values Result

The result of the calibration process is an individual transformation code (correction data) specific for
each sensor.
If no part of the system changes its parameter then this correction code must only be defined once as the manufacturer calibration. In practical work, this must be checked. For example, temperature
changes influence the sensor response, and hence the process of calibration and accuracy.
A common and easy method to calibrate TCS is the global correction via target-based correction
matrix (linear regression – see Figure 4). From a geometric point of view, a straight line is calculated for which the target and actual values of the targets are the smallest square distance. The regression
returns the function with the smallest error. This method is based on a general comparison of existing
index values (or given values of a spectrometer) with the actual values of the sensor. The difference

Application Note • PUBLIC
AN001022 • v1-00 • 2021-Jun-15

16 │ 5

Document Feedback

AS73211
Calibration Method and Process

between the index and actual value will be used to calculate a correction matrix, which will correct
further measured values and guarantees the high accuracy of the sensor.
Figure 5:
Process Of Sensor Calibration

Depending on the application, a special color target will be defined, which is used for color sensing.
The correction values are more accurate if the color target is similar to the real application. Usually, one
target and calibration are sufficient to get the required accuracy. In exceptional cases, and if the
required results could not be achieved by one calibration, multi-level targets in sub-areas, or more than
one calibration process under alternative conditions, can be used.
The process for calibration includes the steps shown in Figure 5. After selection of the method, target,
and preparing an intact, noise-free, stable, and reproducible test setup, the target values will be
measured via a reference device (e.g. a spectrometer) or the real reference values are available. Note
that the more accurate the references, the better the results for calibration and correction. The sensor
results should be measured under the same conditions as the target values. Both measured values for
the complete target will be implemented as a calculated correction function and/or corrections matrix.
These will be used later on to directly correct the measured values within the color sensing. The last
steps in the calibration process are the test of the calibration results and their optimization.
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Calibration and Tools
For practical calibration, the following measurement and support tools are needed.
1.

Installed Wizard-Software and available TCS board to measure XYZ values of the calibration
target

2.

Multi-colored light source as stimuli and calibration target (for emission e.g. RGB LED lighting or
colored windows at a monitor)

3.

Adequate spectrometer for XYZ value determination of the light source

4.

Tool to simulate calibration and optimize results e.g. “Template TCS sensor calibration
extended display.xlsx”.

For accurate calibration measurements, it is required to have a repeatable measurement setup and a
consistent measurement object, which is independent of the measuring system and not influenced by
noise or other sources of measurement error. In the following, a calibration procedure will be described
for the application “LED backlighting”. The real XYZ values were measured with the sensor and
spectrometer. The process of calibration will be explained in this example via calculations of an Excel
sheet marked as “EXCEL” (File: “Template TCS sensor calibration extended display.xlsx”).
EXCEL: “Template TCS sensor calibration extended display.xlsx”/Sheet Calibration: All
transformations of formulas into an Excel calculation are indicated with the sheet and the cells are
stored with this gray box.
Figure 6:
Spreadsheets in the XLS ‘Template TCS sensor calibration extended.xls’
Name

Content

Comment

Basic

Details of the Company and
measurement made with parameters,
etc.

Important in case of customer support.

Step1 input values

Includes all the measured values for
the n target (RGB code), references,
sensor raw data and offset.

n (number of targets and sequences to be used in
calibration and for printing(1)) is specified in the excel
sheet “step 3” in cell C87.

Step2 check
calibration matrix

Formulas and Calculations of the
Correction Matrix based on linear
regression.

Do not change anything, the cells are not protected.
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Name

Content

Comment

Step3 see the
result and varying

Formulas and sensor results in xyz,
Lu’v’ and Delta’s based on the
reference values.

Change found in cell C87, the number of targets to be
used in calibration, and the sequence of colors(1), show
the differences in the results (e.g. Delta u’v’).

(1)

In this XLS template, the numbers of color targets and their sequence could be changed. Note that all calculations are
based on identical measured values. The following tables show the results for two alternative calibrations, based on using
alternative numbers of targets. In the first case, the calibration was calculated for three colors, RGB target, in the second
case, for n=4 (RGBW) target.
Note, that 1:n numbered colors (sequence in Line [C3:N3] in sheet step1) will be used as target for the calibration.
Change the numbers to change the color sequence and colors for calibration.

After inputting the sensor and reference data, including the selection of n as the number of targets and
the target sequence in the spreadsheet, “step 3 xxxx”, the results of the special calibration are visible.
Note that in the case of alternative applications, other than emission (e.g. transmission or reflection),
this calibration method can also be used by varying the color target. This target is the reflected light
from a colored surface and is the result of an overlapped spectrum of the light source and reflected
spectral data from the object.
The test boards give the XYZ (digits or photocurrents) as ADC values, which are used later on within
the algorithm of the calibration. The goal of the calibration is to calculate a transformation matrix that is
based on the measured ADC values of the TCS (sensor values) and the absolute color values of the
XYZ color space (as reference values).
These reference measurements (target measurements) allow you to draw a relationship between the
sensor values and reference values via a matrix equation.
Equation 1:

T=K*S
Therefore, T is the matrix of the reference measurement, S is the sensor signal matrix (XYZ Sensor),
and K is the transformation matrix and the result of the calibration.
After the transposition, a transformation matrix will be calculated.
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Equation 2:

For LED backlights, it is sufficient to limit the calculation to the primary colors (for example n= number
of color target =3 for RGB, or n=4 for RGBW) to cover the color gamut. The calculation of the
transformation matrix is processed here in five steps, which will be explained using the example of n=4
LEDs.
1.

Step 1

First, the given number of colors (n) will be determined via a reference spectrometer. The values for
XYZ will be used within a (3,n) matrix.
Equation 3:

EXCEL: “Template TCS sensor calibration extended display.xlsx”/Sheet Calibration:
T ={C53: N56} Note that the number of used targets is defined in cell C48.

Application Note • PUBLIC
AN001022 • v1-00 • 2021-Jun-15

16 │ 9

Document Feedback

AS73211
Calibration and Tools

Figure 7:
Tab Of Excel For Calculation Correction Matrix

2.

Step 2

In the next step, the same colors (n) will be determined via TCS, as well as the corresponding currents
(ADC values). As mentioned, the measurements via TCS and spectrometer should be performed at
the same time and position of the object. The ADC values are also implemented within a (3,n) matrix.
In low-energy measurements, it is advisable to consider the measured result of a dark measurement.
Equation 4:

XADC = Xmeasured – Xoffset; YADC = Ymeasured – Yoffset
Equation 5:
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EXCEL: “Template TCS sensor calibration extended display.xlsx”/Sheet Calibration:
S = {C57:N59}
3.

Step 3

In the next step, a dark measurement is carried out to take into account possible sources of error
caused by added electronic components. The dark current will be measured by covering the sensor.
The amplification levels of the color and dark measurements must be identical. Again, the
measurement values with the specific code will be added into a matrix (here vector).
Equation 6:

EXCEL: “Template TCS sensor calibration extended display.xlsx”/Sheet Calibration:
D = {C61:C63}
This offset is subtracted from the normal measuring signal of the TCS.
Equation 7:

EXCEL: “Template TCS sensor calibration extended display.xlsx”/Sheet Calibration:
S’ = {C60:Z62}
The offset values should be entered within the orange highlighted fields of the calibration document.
4.

Step 4

In the last step, the transfer matrix (K) of the corrected TCS signal matrix (S'), and the reference matrix
(T) will be calculated.
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Equation 8:

EXCEL: “Template TCS sensor calibration extended display.xlsx”/Sheet Calibration:
K ={C85:E87}
To perform this matrix operation, an inverse matrix must be generated. Gauss-Jordan elimination will
be used to generate an identity matrix alongside the inverted matrix of the same rank. An identity
matrix will be generated from the source matrix via multiplication and subsequent addition of the
specific rows. Additionally, the same calculation steps will be performed for the identity matrix. After this
is performed, the identity matrix is used to generate the inversion of the original.
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Correction
After generating a correction matrix, colors can be measured with TCS. The ADC values will be
corrected and matched into the color space by the correction matrix. The results are real XYZ values
based on the CIE1931 standard for the application.
Equation 9:

Sc = K * S
EXCEL: “Template TCS sensor calibration extended display.xlsx”/Test results:
Sensor(corrected) = {C64:N66}
The Sensor (corrected) XYZ values (matched results) is the basis for alternative color calculations like
in Lab or Lu'v'. In the Excel spreadsheet for the light example, some formulas are shown.
Figure 8:
Sensor Results after RGBW Calibration
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Figure 9:
Data and Results for RGB Calibration

A comparison of the RGB and RGBW results reveals the differences between the two targets, small
here but the differences can be dramatic with the same measurements. However, it should be taken
into account that the Excel sheet uses the same measurement values for calibration and correction.
Thus sensor noise, as well as other deviations in the measurements (disturbances, drifts, the
difference between the target and the real environment, etc.), are not considered. The simulation only
takes into account the correction data when the target is varied (how they are selected and how
many), no more and no less. The optimal correction matrix determined here can then be used as a
starting point for further simulations or measurements with the GUI of the EVK.
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Revision Information

●
●

Changes from previous version to current revision v1-00

Page

Initial version

all

Page and figure numbers for the previous version may differ from page and figure numbers in the current revision.
Correction of typographical errors is not explicitly mentioned.
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Copyrights & Disclaimer
Copyright ams AG, Tobelbader Strasse 30, 8141 Premstaetten, Austria-Europe. Trademarks Registered. All rights reserved.
The material herein may not be reproduced, adapted, merged, translated, stored, or used without the prior written consent of the
copyright owner.
Information in this document is believed to be accurate and reliable. However, ams AG does not give any representations or
warranties, expressed or implied, as to the accuracy or completeness of such information and shall have no liability for the
consequences of use of such information.
Applications that are described herein are for illustrative purposes only. ams AG makes no representation or warranty that such
applications will be appropriate for the specified use without further testing or modification. ams AG takes no responsibility for
the design, operation and testing of the applications and end-products as well as assistance with the applications or end-product
designs when using ams AG products. ams AG is not liable for the suitability and fit of ams AG products in applications and
end-products planned.
ams AG shall not be liable to recipient or any third party for any damages, including but not limited to personal injury, property
damage, loss of profits, loss of use, interruption of business or indirect, special, incidental or consequential damages, of any
kind, in connection with or arising out of the furnishing, performance or use of the technical data or applications described
herein. No obligation or liability to recipient or any third party shall arise or flow out of ams AG rendering of technical or other
services.
ams AG reserves the right to change information in this document at any time and without notice.
RoHS Compliant & ams Green Statement
RoHS Compliant: The term RoHS compliant means that ams AG products fully comply with current RoHS directives. Our
semiconductor products do not contain any chemicals for all 6 substance categories plus additional 4 substance categories (per
amendment EU 2015/863), including the requirement that lead not exceed 0.1% by weight in homogeneous materials. Where
designed to be soldered at high temperatures, RoHS compliant products are suitable for use in specified lead-free processes.
ams Green (RoHS compliant and no Sb/Br/Cl): ams Green defines that in addition to RoHS compliance, our products are free
of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight in homogeneous material)
and do not contain Chlorine (Cl not exceed 0.1% by weight in homogeneous material).
Important Information: The information provided in this statement represents ams AG knowledge and belief as of the date that
it is provided. ams AG bases its knowledge and belief on information provided by third parties, and makes no representation or
warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. ams AG
has taken and continues to take reasonable steps to provide representative and accurate information but may not have
conducted destructive testing or chemical analysis on incoming materials and chemicals. ams AG and ams AG suppliers
consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for
release.
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