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Spatio-Spectral Color Filter Array Design
for Optimal Image Recovery
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Abstract—In digital imaging applications, data are typically ob-
tained via a spatial subsampling procedure implemented as a color
filter array—a physical construction whereby only a single color
value is measured at each pixel location. Owing to the growing
ubiquity of color imaging and display devices, much recent work
has focused on the implications of such arrays for subsequent dig-
ital processing, including in particular the canonical demosaicking
task of reconstructing a full color image from spatially subsam-
pled and incomplete color data acquired under a particular choice
of array pattern. In contrast to the majority of the demosaicking
literature, we consider here the problem of color filter array design
and its implications for spatial reconstruction quality. We pose this
problem formally as one of simultaneously maximizing the spec-
tral radii of luminance and chrominance channels subject to per-
fect reconstruction, and—after proving sub-optimality of a wide
class of existing array patterns—provide a constructive method
for its solution that yields robust, new panchromatic designs im-
plementable as subtractive colors. Empirical evaluations on mul-
tiple color image test sets support our theoretical results, and in-
dicate the potential of these patterns to increase spatial resolution
for fixed sensor size, and to contribute to improved reconstruction
fidelity as well as significantly reduced hardware complexity.

Index Terms—Color filter array (CFA), color imaging, demo-
saicking, digital camera pipeline, spatio-spectral sampling.

I. INTRODUCTION

O WING to the growing ubiquity of color imaging devices,
much recent work has focused on the interplay between

their acquisition stages and subsequent digital processing. In
most applications, data are obtained via a subsampling proce-
dure implemented as a color filter array (CFA), a physical con-
struction whereby each pixel location measures only a portion
of the visible spectrum, selected from amongst a chosen “color
partition” of that spectrum—typically corresponding to long,
medium, and short wavelengths—which in turn induces a spa-
tial sampling pattern for each such color representative. This
array represents one of the first steps in the acquisition pipeline,
and, hence, CFA design determines to a great extent the max-
imal resolution achievable by subsequent processing schemes.
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These schemes typically assume a full-color image (i.e., a full
set of color triples), and consequently, a key reconstruction task
termed demosaicking is first necessary. This refers to the inverse
problem of reconstructing a spatially undersampled set whose
components correspond to particular tristimulus values—typi-
cally red, green, and blue.

In this paper we address the problem of color filter array de-
sign and its implications for spatial reconstruction quality. Our
aim is to rigorously quantify the attainable limits of CFA perfor-
mance, while at the same time providing a framework that both
identifies the fundamental limitations of existing designs and ex-
plains the performance of well-known associated demosaicking
approaches appearing in the literature. As we detail in this paper,
the inherent shortcomings of contemporary CFA designs mean
that subsequent processing and reconstruction steps often yield
diminishing returns. Indeed, the loss of image quality resulting
from all but the most computationally expensive state-of-the-art
methods is unambiguously apparent to the practiced eye.

We pose the CFA design problem formally as one of simulta-
neously maximizing the spectral radii of luminance and chromi-
nance channels subject to perfect reconstruction. In doing so
we unify several recent approaches in the literature, including
most notably the use of Fourier analysis as a tool to view de-
mosaicking as “demultiplexing” [2], [3], and the notion of re-
construction based on chrominance/luminance decompositions
[4]–[6]. Under this formulation, we demonstrate the surprising
result of sub-optimality of designs based on “pure” tristimulus
values, a class that includes the well-known Bayer pattern cur-
rently most popular in industry. As an alternative, we provide a
constructive method to generate feasible CFA designs that have
been optimized for additional design metrics.

The additional criteria we consider are quality of reconstruc-
tion, complexity of implementation, quantum efficiency and
noise, and robustness to prior assumptions on color channel
bandlimitedness. As our emphasis is on improving the color
image acquisition pipeline rather than on developing optimal
demosaicking strategies per se, we omit a comparative anal-
ysis of reconstruction techniques; however, our results yield
a general class of linear demosaicking methods that provide
state-of-the-art performance and are demonstrably robust to
spatio-chromatic aliasing. In addition to reducing hardware
complexity relative to the nonlinear demosaicking techniques
that currently predominate, it can be expected that these linear
methods will also enable more tractable noise modeling [7].

The remainder of this paper is organized as follows. We begin
in Section II by analyzing the spatio-spectral properties of typ-
ical color images and the Fourier representations that lattice-
structured CFA samplings induce, in order to demonstrate sub-
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Fig. 1. Examples of existing color filter array patterns, with pure-color designs shown along the top row and panchromatic designs along the bottom.

Fig. 2. Log-magnitude spectra of respective sensor data representing the “lighthouse” image [4]. Figures are color-coded: green = X , red = X , blue = X ,
with intensity reflecting relative weights assigned to modulated spectral replicates according to the geometry of the color filter array in question.

optimality of existing CFA designs. (Though requisite tools and
vocabulary will be provided, this section may be safely skipped
by readers unfamiliar with lattice theory.) We propose in Sec-
tion III a constructive framework for designing and analyzing
alternative patterns that simultaneously minimize aliasing and
admit fast, optimal linear reconstruction schemes. In Section IV,
we provide several explicit examples of new patterns whose
closed-form expressions are directly realizable as so-called sub-
tractive colors, and provide evaluations on standard image test
sets. We summarize our results and conclude with a brief dis-
cussion in Section V.

II. ANALYSIS: EXISTING PATTERNS AND ALGORITHMS

We first proceed to analyze the spatio-spectral sampling in-
duced by a typical CFA pattern, which we model as a spatial
array of pixel sensors. As alluded to earlier, a physical device
termed a color filter rests over the photosensitive element at each
pixel location; it passes a certain portion of the visible spectrum
of light according to its chemical composition. The resultant
measurement may be considered as an inner product resulting

from a spatiotemporal integration of the incident light over each
pixel’s physical area and exposure time, taken with respect to
the color filter’s spectral response. While this spectral response
is an intrinsic property of the filter, its perceived color is in fact
a function of the environmental illuminant; however, here we
adopt the standard convention and identify the filters typically
used in practice by their “colors” as red, green, and blue. Our
later analysis will rely on convex combinations of these com-
ponents as “pure-color” building blocks, the precise spectral re-
sponse of which is left to the designer [8].1 As the goal of this
paper is the identification and optimization of relevant objective
metrics, rather than subjective metrics related to perception, we
make no further attempt to treat issues of color science.

In a typical acquisition scenario, a regular, repeating CFA pat-
tern comprises a tiling of the image plane formed by the union of
interleaved sets of sampling, which in turn may be understood

1Ideally, one would design the spectral response of such pure-color filters
by experimentally optimizing over the range of illuminants typically seen in
practice [9]; however, such considerations are beyond the scope of our present
discussion. Moreover, other issues such as dye chemistry, quality control, prior
art, etc. arise in an industry setting, and may be equally important in practice.
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in terms of lattices [10]; the spectral periodicity of the resul-
tant sampled color image is determined by a so-called dual lat-
tice, thereby enabling us to characterize the effect on individual
color channels of the spatio-spectral sampling induced by var-
ious CFA patterns. By explicitly considering this spatio-spec-
tral representation, we are able both to quantify the fundamental
limitations of existing CFA designs as evidenced through their
associated demosaicking algorithms, and to explicitly demon-
strate the sub-optimality of a class of designs that includes most
CFA patterns currently in wide use.

A. Spatio-Spectral Analysis of Sensor Data

The well-known Bayer pattern CFA [11], illustrated in
Fig. 1(a), attempts to complement humans’ spatial color sen-
sitivity via a quincunx sampling of the green component that
is twice as dense as that of red and blue. Though the Bayer
pattern remains the industry standard, a variety of alternative
color schemes and geometries have been considered over
the years [8], [12]–[21], certain of which are also shown in
Fig. 1. In order to understand the shortcomings and limitations
associated with the state of the art in color filter array design
and demosaicking, it is necessary to consider the geometric
structure of color filter arrays as well as the algebraic structure
of the sampling patterns they induce—examples of which are
shown in Fig. 2. The requisite tools and vocabulary for this task
will be provided by the notion of point lattices, the basics of
which we discuss briefly below (using the notation of [10]).

1) Point Lattices as Sampling Sets: We will employ the no-
tionoflatticestodescribethespatialsubsamplinginducedbyCFA
patterns. Indeed, latticesarecentral to the ideaof“structuredsam-
pling” in Euclidean space, as they capture in greatest group-theo-
retic generality the notion of separated, yet regular, measurement
points. Formally, a uniform lattice comprises a discrete
subgroup of -dimensional Euclidean space whose quotient is
compact. We say a nonsingular matrix having real entries gen-
erates a point lattice if , in which case columns
of are said to form a basis for the lattice. In the engineering
literature is often called a sampling matrix, as it generates a
periodicmeasurementpatternindexedby -tuplesof integerspre-
cisely according to the lattice . We associate with each lattice

a quantity that generalizes the no-
tion of a sampling period and is independent of the lattice basis.

As our main interest here lies in lattices as models for color
filter arrays, we focus on the unit-volume square lattice as
the setting for our image sensor—though our subsequent results
apply equally well to other settings such as octagonal [15] or
hexagonal [16] sensor geometries. The associated color sam-
pling patterns may then be represented by less dense lattices,
said to be sublattices2 of if each of their elements also be-
longs to . The volume of a sublattice is conse-
quently integer-valued, and no less than .

A key point is that can be written as a disjoint union of
distinct translates of a given sublattice —whereupon such
translates can be associated with a red, green, or blue pure-color

2Example sublattices of include the square sublattice generated byMMM =

2 0

0 2
, and the quincunx sublattice generated byMMM =

1 1

�1 1
.

filter. The set of distinct translates of by vectors in is said
to form a set of cosets of in , with the corresponding vec-
tors termed coset vectors. The number of distinct coset vectors
(including the zero vector)—and, hence, disjoint translates—of
such a sublattice is given by . Note that if we specify
a regular, repeating pure-color CFA pattern based on the sub-
lattice , then the number of different colors it admits
cannot exceed the number of distinct cosets in . To this
end, we call a sampling matrix admissible if it generates a
sublattice with , and henceforth con-
sider admissible generators.

2) A Lattice Model for Color Filter Arrays: Our goal is
first to analyze pure-color CFAs comprising disjoint sampling
patterns of red, green, and blue. To this end, recall that in a
single-sensor camera, a scalar measurement is made at each
spatial location , leading to an idealized, noise-free
model in which the sensor measurement can be ex-
pressed as the inner product of the true color image triple

and the action of the CFA
as follows:

(1)

Recall that by our description, a pure-color CFA
comprises a regular, repeating pattern that measures only

a single component of the color triple at each spatial location,
and, hence, its elements are represented by the standard basis.

Our model for the geometry of a pure-color CFA will thus be
a vector-valued indicator function expressed in the language of
lattices. We wish to partition into three structured sampling
sets, each of which will be written as a union of selected cosets
of a given sublattice . Sampling structures of this
nature have been the subject of much previous study [10]; here
we employ this notion to account for the color triple associated
with each pixel, as described earlier. To this end, let denote
an admissible generator for sublattice and let ,

, represent mutually exclusive subsets of coset vectors
associated respectively with the spatial sampling locations of
colors red, green, and blue.

If can be written as the disjoint union of the three inter-
leaved sampling structures , , and

, each one comprising a union of selected cosets as
, then we call the result a 3-par-

tition of . Note that, since under this scenario every sensor
measures exactly one color, it suffices to specify ,
from which we can obtain the coset vectors accordingly.
We subsequently adopt this description and exploit it in a lu-
minance/chrominance parameterization below.

We take a given 3-partition of to be our model for pure-
color sampling, in contrast to the new panchromatic CFA de-
signs we introduce later, whose quantum efficiency functions
have broader sensitivities. The sampling structure of the pure-
color CFA associated with 3-partition is then de-
fined pointwise as follows:

(2)
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Fig. 3. Log-magnitude spectra of color channels of the “lighthouse” image,
showing the contrast in bandwidth between the (x ; x ; x ) representation of
interest and a chrominance/luminance representation in terms of (x ; x ; x ).

where by slight abuse of notation we let denote the Dirac
or Kronecker delta function, as indicated by sampling context.

Pure-color CFAs hence perform a spatio-chromatic sub-
sampling that effectively multiplexes red, blue, and green
components in the spatial frequency domain—leading to
the image recovery task known as demosaicking. However,
because the spatio-spectral content of these color channels
tends to be correlated at high spatial frequencies [4], [23],
representations that exploit this correlation are often employed
in contemporary demosaicking algorithms [20]. Here, we
exploit a luminance/chrominance representation common in
the literature to simplify our lattice model for pure-color CFAs.
Following the measurement model of (1), each pixel sensor
measurement may equivalently be represented in terms of a
green channel and difference channels and

(3)

The advantage of this representation, as noted by [2] and [3], is
that these difference channels enjoy rapid spectral decay—see
Fig. 3—and can serve as a proxy for chrominance, whereas the
green channel can be taken to represent luminance. As our even-
tual image recovery task will be to approximate the true color
image triple from acquired sensor data , note that re-
covering either representation of is equivalent. Moreover,
the representation of (3) allows us to re-cast the pure-color sam-
pling structure of (2) in terms of sampling structures associated
with the difference channels and .

3) Fourier Analysis of Pure-Color CFAS: It is known how
to explicitly compute the Fourier representation induced by the
spatial subsampling of certain CFA patterns; for the case of the

Bayer pattern, see [2], [3], and [6]. Here, however, we pro-
vide for a Fourier representation of all rectangular, periodic,
pure-color CFAs in terms of the sublattice associated with
a given 3-partition of . Owing to their Abelian
structure, lattices admit the notion of a Fourier transform as
specified by a dual or reciprocal lattice. The spectral period-
icity properties of a color image sampled along a lattice
are determined by its dual lattice (the Poisson summation
formula being a simple univariate example), thereby enabling
us to characterize the effect on individual color channels of the
spatio-spectral sampling induced by various CFA patterns.

According to the discrete and periodic nature of repeating
pure-color CFA sampling patterns, the dual lattice
defines a unit cell about the origin in with associated
volume , copies of which in
turn form a tessellation of the spatial frequency plane.3 Under
our normalization of the Fourier transform, the dual lattice

associated with an admissible sampling
matrix will in turn admit as a sublattice. As
our model for sensor geometry is the lattice , it thus suffices
to restrict our attention to dual lattice points contained in the
unit cell in the spatial frequency plane,
which comprise a set of coset representatives for the sublattice

in (see, e.g., [10]).
We are now equipped to provide the main result of this sec-

tion: a characterization of the spatio-spectral properties of im-
ages acquired under pure-color CFAs. Let denote the 2-D
Fourier transform operator applied to , with
parameterized by angular frequency . Recalling our ear-
lier pixel-wise definition of a pure-color CFA associated with
3-partition according to (2), we see that CFA com-
ponents and are obtained

It then follows from (3) that the Fourier transform of sensor data
over dual lattice points contained in the unit cell

is given by

(4)

Thus, we see that the lattice structure of the chosen 3-partition
induces spectral copies of the difference channels and
centered about the set of carrier frequencies .
As restrictions of lattices, these sets will always include the
origin—corresponding to “baseband” copies of the respective

3See [10] for a discussion of technical issues, such as defining the unit cell
and Fourier transform with respect to unions of cosets as we do here.
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