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Abstract

Modern digital cameras capture images with a subsampling
method via mosaic color filter array (CFA). Of particular interest
is the CFA with Cyan-Magenta-Yellow (CMY) color filters.
Despite the improvement of the sensitivity, images reconstructed
from CMY CFA usually suffer from lower color fidelity compared
to the conventional Red-Green-Blue (RGB) color filters. In this
paper, we proposed a CMY CFA with novel spectral sensitivities
(CMY2.0), which were carefully designed to overcome the
shortcomings of previous CMY CFA (CMY1.0) [1]. A CMY CMOS
image sensor (CIS) with such optimized spectral sensitivities is
then realized in order to evaluate the color performance and
signal-to-noise ratio (SNR). As a result, the camera equipped with
the CMY CFA with proposed spectral sensitivities (CMY2.0)
features both an improved sensitivity and a high color fidelity,
which is suitable for a wide range of applications, such as low-
light photography, under-screen cameras and automotive cameras.

Introduction

Digital camera equipped with CMY CFAs can collect more
light than RGB CFAs, which is more suitable for low-light
conditions [2, 3]. However, despite the improvement of the
sensitivity, images reconstructed from CMY CFA usually suffer
from low color fidelity. Hence, the spectral sensitivities of the
color filters should be designed to not merely collect more light but
also provide good color accuracy as well so as to obtain high-
quality images. Therefore, the aim of this paper is to design the
optimal spectral sensitivities for CMY color filters from the
perspective of color accuracy. With a view to evaluating the color
performance and SNR of the CMY CFA, a CIS equipped with the
optimized CMY color filters arranged in Quad Bayer structure
(Figure 1) is fabricated, which can be operated in either normal
mode or binning mode depending on the light conditions. With the
proposed CMY color filters, the sensor features not only an
improved sensitivity but also a high color fidelity, which is suitable
for a wide range of applications, such as low-light photography,
under-screen cameras and automotive cameras.

Method

With a view to evaluating the color performance of the next
generation CMY CFA (CMY2.0), CMOS image sensors with 0.8
um pixel size using RGB, CMY1.0 and CMY2.0 color filters
arranged in Quad Bayer structure (Figure 1) are fabricated, which
can be operated in either normal mode or binning mode depending
on the light conditions. The schematic structure of the CIS is
depicted in Figure 2, where the composite metal grid structure is
adopted so as to increase the pixel sensitivity and reduce the
crosstalk between neighboring pixels. The sensor equipped with
RGB color filters servers as a reference for comparison of color
accuracy and SNR performance, whose normalized quantum
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efficiencies (QE) are shown in Figure 3. To improve color
accuracy, the spectra of CMY are designed by referencing their
corresponding XYZ values. Consequently, comparing to CMY 1.0
CFA, whose normalized QE are shown in Figure 3, the spectral
sensitivity of cyan color filter is designed to be wider while the
spectral sensitivity of yellow color filter is designed to be red-
shifted (Figure 4), where the spectral sensitivity of magenta color
filter has also been modified slightly.
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Figure 1. CMY sensor equipped with color filters arranged in Quad Bayer
structure.
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Figure 2. Cross sectional structure of a typical pixel in Quad Bayer
arrangement equipped with yellow and magenta color filters, where each pixel
is constructed with a photodiode (PD), composite metal grid (CMG), a color
filter and a microlens (ML).
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Figure 3. The normalized quantum efficiencies (QE) of a typical 0.8 um CIS
pixel equipped with RGB color filters in a Quad Bayer arrangement.
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Figure 4. The normalized quantum efficiencies (QE) of a typical 0.8 um CIS
pixel equipped with CMY1.0 color filters in a Quad Bayer arrangement.
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Figure 5. The normalized quantum efficiencies (QE) of a typical 0.8 um CIS
pixel equipped with CMY2.0 color filters in a Quad Bayer arrangement.

Images of X-Rite ColorChecker captured by sensors equipped
with RGB, CMY1.0 and CMY2.0 CFA, are shown in Figure 6,
where they are illuminated by D65 under 500 lux. To reconstruct
full color images, the bilateral filter for noise reduction [4], the
gray-edge white balance algorithm [5], a posteriori decision
demosaicing algorithm [6], color correction matrix (CCM) based
method for color correction process and gamma correction process
are applied to both RGB and CMY images, where the image
processing pipeline is shown in Figure 7. The obtained demosaiced
images before color correction process are shown in Figure 8. The
color correction process is initially done in the CIELAB color
space, and then converted to sRGB color space, where the
reconstructed images are shown in Figure 9. To evaluate the image
quality, the SNR values and the mean color differences (A E*o0) of
the 24 color patches of the X-Rite ColorChecker measured in the
CIELAB color space are quantified by using Imatest Master
Software.

Figure 6. Raw images captured by sensors equipped with (a) RGB, (b)
CMY1.0 and (c) CMY2.0 CFA, which are illuminated by D65 under 500 lux.
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Figure 7. The image processing pipeline for the reconstruction of the full color
images.

Figure 8. Demosaicking images obtained from (a) RGB, (b) CMY1.0 and (c)
CMY2.0 sensors, which are illuminated by D65 under 500 lux.

Figure 9. Images reconstructed from (a) RGB, (b) CMY1.0 and (c) CMY2.0
CFA after color correction, which are illuminated by D65 under 500 lux.
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Result

Compared to the RGB CFA, both CMY1.0 and CMY2.0 CFA
improve the sensitivity by 71% and 63% respectively. The minimal
averaged color differences of the 24 color patches A E*oo for RGB,
CMY1.0 and CMY2.0 images are 3.0, 3.5 and 2.6 respectively,
where the color accuracy of the CMY2.0 sensor is the best among
all the sensors. From the color error of each color patch shown in
Figure 10, one can observe that the proposed broader cyan spectral
sensitivity results in better color restoration for bluish green patch
while the red-shifted yellow spectral sensitivity results in better
color reproduction of red and light skin color patches comparing to
CMY1.0. Consequently, the color error of the enriched red patch
of CMY2.0 image is now comparable to RGB image. The SNR of
RGB, CMY1.0 and CMY2.0 images are 47.9, 47.1, 46.6 dB
respectively. A compromise between color accuracy and SNR
performance may also be lived up to RGB by adjusting the color
correction matrix when processing the images. For example, in
Figure 11, a high SNR value 48.1 dB of CMY2.0 image can be
achieved at the cost of degradation of color accuracy, where the
color error in this case is now equal to 3.17.

The color and SNR performance of the sensors under
illuminant D65 with 30 lux have also been evaluated, where the
reconstructed images of the RGB, CMY1.0 and CMY2.0 sensors
are shown in Figure 12. The minimal averaged color differences of
the 24 color patches A E*oo for RGB, CMY 1.0 and CMY2.0 images
are 3.1, 3.2 and 2.7 respectively. Thus, the color error of CMY2.0
is the smallest among all the sensors. The color error for each color
patch is shown in Figure 13. Again, similar to the case with those
images illuminated under 500 lux, the CMY2.0 sensor has better
color restoration for bluish green, red and light skin color patches
comparing to CMY1.0 sensor. The SNR of RGB, CMY1.0 and
CMY?2.0 sensors are 34.0, 35.8, 33.3 dB respectively. By adjusting
the color correction matrix of CMY2.0 sensor, the color error is
then equal to 3.0 and SNR value is 34.4 dB, which is even slightly
higher than the RGB sensor. Hence, a novel CMOS image sensor
with high sensitivity and high color fidelity is realized.
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Figure 10. Color error AE o for each color patch in X-Rite ColorChecker with
the illuminant D65 under 500 lux for (a) RGB, (b) CMY1.0 and (c) CMY2.0
CFA.
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Figure 11. (a) A high SNR image reconstructed from CMY2.0 sensor
illuminated by D65 under 500 lux and (b) color error AE oo for each color patch
in X-Rite ColorChecker.
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Figure 12. Images reconstructed from (a) RGB, (b) CMY1.0 and (c) CMY2.0
CFA after color correction, which are illuminated by D65 under 30 lux.
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Figure 13. Color error AE oo for each color patch in X-Rite ColorChecker with
the illuminant D65 under 30 lux for (a) RGB, (b) CMY1.0 and (c) CMY2.0 CFA.
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Figure 14. (a) A high SNR image reconstructed from CMY2.0 sensor
illuminated by D65 under 30 lux and (b) color error AE oo for each color patch
in X-Rite ColorChecker.

Conclusion

A CIS equipped with the proposed CMY2.0 CFA with high
sensitivity and high color fidelity is realized, where the spectral
sensitivities of the CMY color filters are designed carefully in
perspective of color accuracy. The spectral sensitivity of cyan
color filter is designed to be wider, which results in better color
restoration for bluish green color, while the proposed red-shifted
spectral sensitivity of yellow color filter results in better color
restoration for red and light skin color comparing to CMY1.0
sensor. Consequently, our high sensitivity CMY2.0 sensor
overcomes the shortcoming of previous CMY sensor (CMY1.0)
with its superior color performance, which is suitable for a wide
range of applications, such as low-light photography, under-screen
cameras and automotive cameras.
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