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Seam Correction for
Sensors with Multiple
Outputs

Introduction

Image sensor manufacturers are continually working to
meet their customers’ demands for ever-higher frame rates
in their cameras. To meet this need, ON Semiconductor
produces image sensors with multiple outputs, currently
making sensors with two and four outputs. Increasing the
number of CCD output amplifiers, combined with splitting
the vertical and/or horizontal registers, allows higher frame
rates while still keeping the fundamental image quality
unchanged.

While ON Semiconductor image sensors have very good
correlation of output characteristics between the individual
outputs of its multi-output sensors, there will still be small
differences between the outputs on the same image sensor.
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APPLICATION NOTE

These are due to small differences in lithography, doping or
other aspects of the semiconductor manufacturing process.
When the images from such a sensor are reconstructed, these
small differences, if left uncompensated, may be noticeable
at the boundaries where the channels meet producing
a “seam” in the image.

In some applications these seams may need correction
above what can be provided by electronic gain and offset.
This application note explores the theory behind these seam
errors and provides techniques to correct them.

SEAMS DUE TO MULTIPLE OUTPUT CCDS

Linear Detector Output

When characterizing the complete signal path of a CCD
camera, the CCD output signal for a given pixel, expressed
in ADU (Analog to Digital Unit as output from the Analog
to Digital Converter, ADC), is related to the detected light
by this formula:

OutSignal(l) = off + G - | (eq. 1)

Where:

I —the input signal can be either expressed in electrons
per pixels or relative illumination.

off - black level offset, expressed in ADU.
G -the gain expressed in ADU per electrons.

The CCD exhibits a linear behavior with respect to the
incoming light.

This application note assumes that this basic linear
behavior is not jeopardized by other factors (such as
temperature, electronic instability, etc.). The camera should
have a sound electronic design.

Fora CCD with N (1, 2, 3, 4...) outputs where k = 1...N,
each output of the CCD device can be expressed as:

OutSignal(l)k = off< + G* - | (eq. 2)
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With multiple output CCDs, each output will have very
small lithographic and process mismatches and will be
slightly different from the other outputs, therefore:

e CCD Outputs Do Not Have the Same Offset Level (off¥)

e CCD Outputs Do Not Have the Same Gain (GX)

If identical signals appear in areas of the sensors that are
read through different outputs, the results in the image will
be slightly different. This leads to areas of image non
uniformity. Since the number of outputs (N) is usually equal
to 2 or 4, the overall image will exhibit either 2 or 4 areas
having brightness and contrast differences. The seams effect
refers to the boundaries where the areas meet.

The image of Figure 1 shows the seam effect (located
vertically in the middle of the image) provided by a dual
output CCD. All offK are identical, but with different gains:
G2/G1=0.95

NOTE: The seam effect is not as visible in image areas where
there is a large amount of detail; it is more visible in
uniform image sections, such as the sky.
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Figure 1. Dual Output CCD (Left/Right) Image with No Seam Correction

How to Correct this Effect

Before any correction can be applied all output of the CCD
must be characterized. The output response, offk and G2 for
each detector will need to be measured.

This paper presents two techniques that could be used to
do this. In each case the method should be performed on all
outputs of the detector.

The first method requires only a flat field illumination
source and the ability to sweep the integration time of the
camera.

1. Place the CCD detector in front of a constant and
flat illumination source.

2. Start with the integration time set such that the
CCD output is zero.

3. Incrementally increasing the integration time and
record an image at each increment.

4. When the output reaches the saturation collect the
data from the stored images and plot as shown in
Figure 2.

NOTES: The number of frames captured will determine the
accuracy of the results.
Exposure time and the light source must be very stable
(0.1%) during the measurement.

Camera Output (ADU)

Best Linear Fit

Variable Exposure Time (sec) Proportionnal to Captured Light

Figure 2. Detector CCD Output vs. Exposure Time
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The second requires a variable intensity flat field 3. Relative illumination can be used without any
illumination source with a range of no light to detector impact on the final result.
saturation. Place the detector in front of the illumination
source. Records various frames with a constant exposure
time by only changing the illumination level.

Collect the data from the saved images at the completion
of all captures, and plot as in Figure 3.

1. This requires the relative amount of light to be NOTE: This method is much closer to the usual operational
known and to be stable (0.1%) during the condition and could, therefore, be more representative.
It also elimi if h i
measurements. t also eliminates any artifacts that may be induced by

. the cameras integration control circuitry.
2. Knowledge of the absolute output of the light

source is not necessary for this method.
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Figure 3. Detector CCD Output vs. lllumination Sweep and Constant Exposure Time

To confirm that the measured results are stable and
representative, it is suggested that the process of collecting
results is repeated several times.
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Figure 4. The 4 CCD Output Signal vs. Different lllumination Levels
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Correction for Linear CCD Outputs
With linear output CCD response, the correction is
straightforward. The goal is to make all outputs (1...k)
behave the same by matching their output characteristics to
the channel that best matches the expected performance.
This translates mathematically to:

off' + G - | = (off + sh¥) + H¥- G¥- 1 (eq.3)

Where:
offkare the offsets at zero illumination.
GKis the slope for each output.
Here, offl, GL, offkand Gk are known, because of the
previous measurements and HK and shK can be calculated by:
sh® = off — off*
Hk = G_k
Gl

(eq. 4)

Correction for Non-linear CCD Outputs
As the detector and its analog electronic signal path do not
have perfect linear characteristics, some applications need
to take this into account. This is especially the case at low
lights levels and also levels close to the sensor saturation.
The output signal can be modeled as a polynomial
function:

outSignal()* = off + Gk - I + G5 - 12 + G - I° + ... (eq.5)
Which can be generalized to:

OutSignal(l) = off< + ZI=m Gk - | (eq. 6)

Gf are non-linear terms, and the output signal is being
modeled to a polynomial function. m, the degree of the
polynomial can be a figure up to the 7-9t" degree but as m
becomes larger more processing is required and also the
accuracy of the measurements may not be sufficient to
justify this effort. The more linear the CCD output, the closer

to zero are the G terms.

Gfare regarded as constant terms in this equation. However
they can also be affected by changes in temperature T (or
other parameters):

OutSignal(l, T)* = off{(T) + =M GKT) - I'  (eq.7)

Note that other factors contributing to the non-linear
behavior of a CCD output amplifier and its external signal
path such as temperature stabilization issues, jitter in CDS
timing, poor linearity near CCD saturation, and insufficient
dark pixel used for black level measurement will all have an
impact on system performance. Care should be taken to
minimize any variation of the output linearity caused by
them given the engineering constraints of the camera design.
This approach can be difficult to implement in a practical
system. A more experimental approach follows.

Once CCD output behavior is stable, the correction
process can be put into effect.

For reference the Figure5 illustrates a simulated
non-linear output characteristic from a CCD and its external
signal path as measured at the ADC.

Non-linear Detector Output Behavior
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Figure 5. Simulated Non-linear CCD/Detector Output Behavior

The measurement of the CCD output and its respective
readout chain linearity is best achieved using automated
tools and software. The system used must be able to
illuminate the CCD with different lights levels, perform the
readout and compute automatically the final digitized signal
coming from a small window inside the image.

This measurement allows N number of, OutputDect;
discrete values to be retrieved from the CCD output and
a plot of the output versus relative illumination to be made.
The offset for no illumination has been removed to simplify
computations.
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The final output signal needs to be linear:

Line (illumination) = A - illumination (eq. 8)

Det. Output ADUs

The correction factors (Fact _corrj)) can be now be
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Each previously measured point (i=1 to N) is then
matched according to the data shown in Figure 6, using
a discrete or point to point approach:

Ling; = A - illumination, (eq. 9)

Linearized Output vs. Non-linear Output
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Figure 6. Non-linear Output to Be Corrected
2
Error = =N, (1 — Fact_corr)) (eq. 11)

computed for each measured point, by using Equation 10:

Fact_corr;, =

The A factor is chosen to minimize the Fact_corr;. This is

(A - illumination;)

(eq. 10)

OutputDect;

done by minimizing the Error figure in Equation 11:

Correction Factor

The Error figure should be minimized using iteratively, or
with a least square straight fit algorithm.

Correction Factors
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Figure 7. Fact_Corrj vs. Relative lllumination

http://onsemi.com



AND9193/D

As can be seen in Figure 7, Fact_corr; can be large at small
illuminations, so measurements have to be accurate in this
range.

The Fact_corr;, a discrete set of numbers, can also be fitted
(using the least square method) to make a continuous

Linearized_OutputDect(illumination) = Fact_corr(illumination) - OutputDect(illumination)

Once each CCD output is linearized, the final correction
consists in matching all detector channels by setting Gain
and Offset corrections with respect to the first (or one of the
other) CCD outputs. This is an arbitrary choice.

This final correction stage is exactly the same process as
described earlier (See Correction for Linear CCD Outputs).

Color Images

For color images, the same method applies. Fortunately,
due to the color Bayer filters spread throughout the whole
CCD surface; all the green, blue and red pixels will have the
same linear/non-linear behavior versus illumination: All
pixels are going through the same output amplifier.
The green pixels can be used to perform the linearity
measurement and follow the process as previously presented
in this document.

Summary of Steps Required to Correct Seam Artifacts
1. Measure CCD output signal levels (including its
signal path electronics) versus illumination, for
each output. For color devices, select the green
pixels, discarding the red and blue pixels.

function. This will help to smooth the data, and it will
provide a continuous Fact_corr(x) function figure whatever
the x illumination level.

The linearized corrected signal is then:

(eqg. 12)

2. Verify that measurements are stable and not
temperature dependent as consistent with your
design specification.

3. Measurements need to be performed for each
device; factory tooling should to be set up to
perform measurements of each device as explained
in Step 1.

4. If the plots are sufficiently linear for your
application, only offset and gain correction are
required, store these numbers into camera memory
and apply them after digitization.

5. If the plots are not sufficiently linear for your
application, the outputs will need to be linearized
prior to offset and gain correction being applied.
All the figures need to be stored inside camera
memory and applied in real time after digitization.

ON Semiconductor and the J are registered trademarks of Semiconductor Components Industries, LLC (SCILLC) or its subsidiaries in the United States and/or other countries.
SCILLC owns the rights to a number of patents, trademarks, copyrights, trade secrets, and other intellectual property. A listing of SCILLC’s product/patent coverage may be accessed
at www.onsemi.com/site/pdf/Patent-Marking.pdf. SCILLC reserves the right to make changes without further notice to any products herein. SCILLC makes no warranty, representation
or guarantee regarding the suitability of its products for any particular purpose, nor does SCILLC assume any liability arising out of the application or use of any product or circuit, and
specifically disclaims any and all liability, including without limitation special, consequential or incidental damages. “Typical” parameters which may be provided in SCILLC data sheets
and/or specifications can and do vary in different applications and actual performance may vary over time. All operating parameters, including “Typicals” must be validated for each
customer application by customer’s technical experts. SCILLC does not convey any license under its patent rights nor the rights of others. SCILLC products are not designed, intended,
or authorized for use as components in systems intended for surgical implant into the body, or other applications intended to support or sustain life, or for any other application in which
the failure of the SCILLC product could create a situation where personal injury or death may occur. Should Buyer purchase or use SCILLC products for any such unintended or
unauthorized application, Buyer shall indemnify and hold SCILLC and its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and
expenses, and reasonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized use, even if such claim
alleges that SCILLC was negligent regarding the design or manufacture of the part. SCILLC is an Equal Opportunity/Affirmative Action Employer. This literature is subject to all applicable
copyright laws and is not for resale in any manner.

PUBLICATION ORDERING INFORMATION

LITERATURE FULFILLMENT:
Literature Distribution Center for ON Semiconductor
P.O. Box 5163, Denver, Colorado 80217 USA
Phone: 303-675-2175 or 800-344-3860 Toll Free USA/Canada
Fax: 303-675-2176 or 800-344-3867 Toll Free USA/Canada
Email: orderlit@onsemi.com

USA/Canada

Europe, Middle East and Africa Technical Support:
Phone: 421 33 790 2910

Japan Customer Focus Center
Phone: 81-3-5817-1050

N. American Technical Support: 800-282-9855 Toll Free  ON Semiconductor Website: www.onsemi.com

Order Literature: http://www.onsemi.com/orderlit

For additional information, please contact your local
Sales Representative

AND9193/D


http://www.onsemi.com/site/pdf/Patent-Marking.pdf

