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Abstract

Thanks to technical progress in interferential filter design,
we can finally implement in practice the concept of Multispectral
Filter Array based sensors. This article presents the characteris-
tics of the elements of our sensor as a case study. The spectral
characteristics are based on two different spatial arrangements
that distribute eight different bandpass filters in the visible and
near-infrared area of the spectrum. We demonstrate that the sys-
tem is viable and evaluate its performance through sensor spec-
tral simulation and characterization.

Introduction

In digital color imaging, the concept of Color Filter Array
(CFA) has been exploited since the 1970s and the invention of the
Bayer pattern [1]. Indeed, at the expense of spatial resolution, one
can increase the spectral resolution of an imaging device.

While multispectral imaging is now a solution commonly
considered for several problems and applications, i.e. medical
imaging and cultural heritage, there is still the need to develop a
compact and affordable solution. The complexity and need of tun-
ability of such multispectral imaging device limit its use to some
specialized area and often requires experts to handle them.

MultiSpectral Filter Arrays (MSFAs), could provide an eas-
ier, compact, general and affordable solution, such as CFAs do to
digital color cameras. A synopsis of the MSFA concept is shown
in Figure 1. Some attempts deal in simulation with the problem of
spatial distribution [12], demosaicing [11, 18,25], image process-
ing [5, 16, 19] or compression [17]. However, only a few works
provide a practical implementation of the concept, due to techni-
cal difficulties to realize filter arrays of a size of a few micrometers
to match pixels. Although there exist a long list of technology that
permits snapshot multispectral imaging, only a few considers the
practical implementation of general purpose MSFAs [6, 13]. One
only deals with the fusion of an RGB and a Near-InfraRed (NIR)
sensors, the other tends to have more filters and is closer to the
solution we propose.

These works could allow development of general purpose,
fast, multispectral and spatially accurate imaging through the use
of video analysis [2], with potential applications in robotics, qual-
ity, monitoring, etc.

This paper provides a practical demonstration of the sensor
we are developing at the University of Bourgogne. The paper is
organized as follows: we first provide a narrow state of the art
of snapshot Multispectral imaging technologies, we then analyze
our system by showing our sensor and filters spectral sensitivities.
Next, we show and analyze the two spatial arrangements that we
use, we relate their size with the pixel size of the sensor. Finally,
we show what we can do with our customized electronics and

software.
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Figure 1.  Global scheme of the multispectral imaging system based on

MSFAs. The filter array is mounted on a common CMOS image sensor.

MSFAs snapshot multispectral imaging

Although there exist a few practical realizations of this tech-
nology, little results have been reported on the pre-processing of
experimental data (denoising, demosaicing, etc.).

To fabricate the 128-band MSFA [24], Wang et al. develop
a technique named combinatorial deposition [23] that combines
the techniques of deposition and etching in order to produce the
spacer arrays with different thickness required by the correspond-
ing Fabry-Pérot type filter element. Such a device makes possible
in situ spectral measurement of NIR spectra ranging from 722
nm to 880 nm. The fabrication is suitable for direct integration
onto CMOS image sensors in industrial foundries, and the cost
and complexity is reduced in comparison with other solutions that
vary the physical cavity length only. Another Fabry-Pérot inter-
ferometer based snapshot multispectral imager is developed by
Gupta et al. [7]. The imager employs a 16-band MSFA arranged
in 4 x 4 moxels that operate in the short wavelength infrared range
from 1487 to 1769 nm with a spectral bandpass of about 10 nm.
The MSFA is installed in a commercial handheld InGaAs cam-
era coupled with a customised micro-lens array with telecentric
imaging performance in each of the 16 channels.

A paper by Qi [15] presents an implementation of multispec-
tral array filters, composed of 4 narrow-band cells at 540, 577, 650
and 970nm. Their implementation is a practical application dedi-
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cated to early detection of pressure ulcer. The filter mosaic is fab-
ricated by combining the lift-off process in microstructuring and
thin film coating technology through physical vapor deposition.
They use a conventional Aptina imager, and due to hard manu-
facturing process, each cell of the filter cover 16 pixels of the full
raw image. They propose a software processing in order to avoid
two type of degradations: the misalignment between filter and
the sensor, and the reconstruction of missing spectral components
(demosaicking). The implementation results show some success
and promises a real-time production of multispectral images that
allows instant detection.

A significant study conducted by Harvard University [13,
14], offers multispectral mosaiced filters based on nanowires. A
wavelength-selective coupling to the guided nanowire mode is
used in order to capture 8 sampled multispectral images from vis-
ible (3 bands) and NIR (5 bands) wavelength. A polydimethyl-
siloxane (PDMS) film is mounted directly on a CCD monochrome
sensor. They show particular image experiments dedicated to
Normalized Difference Vegetation Index imaging.

Sensor and filter analysis

Silicon sensors typically respond to incident radiation in the
visible and NIR range of the spectrum. Thus, we designed MSFAs
to capture wavelengths between 400 nm and 1100 nm in the vis-
ible range and the NIR range. Our solution combines a standard
sensor built on CMOS technology, with customized filters. This
section presents the spectral characteristics of these two compo-
nents.

The CMOS sensor is a Sapphire EV76C661 from e2v [4]. It
offers a 10-bit digital readout speed at 60 frames per second (fps)
with full resolution. This sensor provides relatively good sensi-
tivity in NIR spectrum (> 50% at 860 nm) while keeping good
performance in the visible spectrum (quantum efficiency > 80%).
Due to relatively low transmission factors of the filters, it is impor-
tant, in our case, to have a good pixel sensor quantum efficiency.
It can tolerate more noise, and is favorable for low-light sens-
ing. The sensor also embeds some basic image processing func-
tions such as image histograms, defective pixel correction, eval-
uation of the number of low and high saturated pixels, etc. Each
frame can be delivered with results of these functions encoded
in the image data stream header. The resolution of the sensor is
1280 x 1024. We measured its sensitivity with a monochromator
(OL Series 750 Spectroradiometric Measurement System [21]) by
sweeping the wavelength of the light from the monochromator
from 400 nm to 1100 nm by steps of 10 nm. A tungsten light
source is used to have the tunable light source. The power sup-
ply of the light source and the wavelength of the monochromator
are controlled by computer. The sensor is used without any lens
mounted in front of the camera. The formula used to recover the
quantum efficiency (QF) is has follows in Equation 1:

he x Di(A)

Qr(%) = I(A) X A X At X Sy, M

where / is the Planck constant, ¢ the speed of light in vacuum, 4
the wavelength, Az the exposure time used for characterization, D;
the digital intensity, / the irradiance at a specific wavelength and
Seoy the area of an effective sensor pixel. The value of the pixels
from the image captured by the e2v sensor at each wavelength is
recorded. We find the relative sensor response, which is shown in
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Figure 2. This same experimental setup is used to characterize the
complete system in terms of sensitivity of spectral channels.
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Figure 2.  Relative response of the e2v EV76C661ABT sensor [4]. The
measurements were done by using the OL Series 750 Spectroradiometric
Measurement System [21] with a tungsten lamp.

Our customized matrix of filters is built by SILIOS technolo-
gies [22]. SILIOS Technologies developed the COLOR SHADES
technology, allowing the manufacture of multi-spectral filters.
COLOR SHADES technology is based on the combination of
thin film deposition and micro-/nano-etching processes onto fused
silica substrate. Standard micro-photolithography steps are used
to define the cell geometry of the multi-spectral filter. COLOR
SHADES provides band pass filters originally in the visible range
from 400 nm to 700 nm. Through our collaboration, SILIOS de-
veloped filters in the NIR range, combining their technology with
a classical thin layer interferential technology to realize our filters.

The theoretical and experimental transmittances of the
filters are shown on Figure 3. The filters are 8 bands,
{P1,P2,P3,P4,P5,P6,P7,IR}. We show difference between ex-
pected values previously calculated on simulation, and experi-
mental values after filter fabrication. Table 1 presents the center
wavelengths, the width of each filters at mid-level (FWHM), and
the maximum transmissions of filters.

Table 1. Optical specification of filter bands (theoretical and

practical).
Band Center Wave- FWHM Max. Trans-
length (nm) (nm) mission (%)
Sim. Result | Sim. | Result | Sim. | Result
P1 420 427 35 38 70 47
P2 465 467 26 31 64 50
P3 515 510 23 28 61 52

P4 560 561 21 26 56 54
P5 609 605 19 25 57 49
P6 645 654 18 24 62 47
P7 700 699 15 22 69 45
IR > 865 | > 885 - - > 75 > 75

Compared to the theoretical responses expected on Figure
3(a), we can see that the maximum transmittances decreased in
the extreme parts of the visible spectrum. The peak sensitivities
did not move too much. Two major difference appears on the IR
spectral response:

1. The IR-cut is centered on 885nm instead of 865nm ,
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(c) Practical spectral characteristics of the filters. (d) Practical relative response of the multispectral imag-
ing system.
Figure 3.  (a) Simulation of the spectral characteristics of the selected filters. Channels {P1— PT7;IR}, are labelled following the scheme of Figure 4. (b)
Simulation of the relative actual response of the multispectral imaging system (sensor associated with filters). (c) Measure of the spectral characteristics of the
selected filters. We note that the efficiency in the visible is less than planned and, more critically, that the IR filters contains a larger part of the visible signal. (b)
Actual response of the multispectral imaging system (sensor associated with filters)

2. The IR rejection is worse than expected with one peak at Arranging the MSFA pattern is a major challenge. Beside the
20% and 4 peaks at 10% in the visible. The transmittances in method proposed by Miao et al. [11], the distributions are usually
the visible range is due to manufacturing problems. Indeed, ad hoc or the result of an optimization process [10]. So are the
the process is very complicated when you need area of a few arrangements of our filters. We defined two different spatial dis-
microns, and parasites and ineficient area can occurs. tributions corresponding to two different characteristics. One is

favoring the spatial information, and the other one the spectral in-
The NIR filter has a specific shape since it is based on classi- formation. FS1 offers an over-sampled spatial information of two
cal thin layer interferential filters. We can see that the shape of the spectral bands. P5 is designed as the green channel in a Bayer

filters acts like an additive component, where specific wavelength
are added through gaussian-like shapes.

Unfortunately, we could not reach a very good cut off in the Table 2. Relative normalized values of the sensor response
visible range for our IR filter. This will impact the sensitivity of (ppy) by filter for a given input illuminant and a perfect diffuser.
the final sensor in two ways: First, the IR channel will contains Iluminant E D65 A
visible information if there is no post processing involved. How- RSinarback 0.47 | 041 | 0.68
ever, since we have information within the visible range, up to G sinarback 1 1 1
780 nm, it is poss1b1§ to 1n.clude a softv.varf? dynaml.c correction Bsinarback 082 | 085 | 0.48
to the IR channel, which will then contains information captured 7 078 1078 1 025
only along the last part of the filter. Second, the energy balance of Pl 0' o '1 0' 41
the sensor can be critically affected (see next section). 2 - :

After fabrication, multispectral filters are mounted on the im- Py 097 | 091 | 0.58
age sensor directly on the microlens array. Figures 3(d) and 3(b) i ! 0.81 | 0.80
show the MSFA sensor sensitivities (simulation and actually mea- P 0.95 | 067 | 090
sured), that combine the CMOS sensor and our filters. i 092 | 0.56 !

P 0.84 | 0.45 | 0.99
Spat|a| arrangements IR1(400 — 780nm) 0.84 | 0.60 | 0.71
This section considers the size and spatial arrangement of the IR2(780 — 1100nm) | 2.84 X X

mosaic of filters.
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Figure 4. Filter arrangements defined in this work. The distributions FS1
(a) and FS2 (b) are repeated up to the limits of the sensor. See Figure 3(a)
for spectral characteristics of the filter channels.

CFA, and IR is double-sampled compared with the rest of the
filters. Such arrangement is supposed to provide a good spatial
reconstruction and reasonably good information in the NIR do-
main. FS2 is designed to have a sub-sampled spatial information
for the benefit of a more important spectral information. This fil-
ter is designed following the method proposed by Miao et al. [11]
with equal probability of occurrence of each channel. The filter
arrangements chosen are shown in Figures 4(a) and 4(b).

The sensor pixel pitch is 5.3 wm, but each filter element mea-
sures 21.2 x 21.2 um?, corresponding to 4 x 4 sensor pixels. The
sensor is populated by 1280 x 1024 pixels. The actual resolution
of the filter mounted sensor is then equal to 320 x 256 pixels. The
total filter matrix size is 6.78 x 5.43 mm?. Additionally, a margin
is introduced in order to support mechanical switching during as-
sembly, that is why the total carrier physical size is 6.9 x 5.6 mm?.
About the alignment and assembly of the filters with the sensor
pixel matrix, alignment matrices are drawn in the corners of the
filters. These areas occupy 16 x 16 pixels in the four corners of
the physical matrix. These matrices are designed with solid color
and chrome patterns for tracking. Figure 5 shows one of these
matrices.

Figure 5. One alignment matrice, in the top left corner of the filter array.

To test the geometric/algebraic structure of the sampling pat-
terns of the MSFAs FS1 and FS2, we analyze spatial subsampling
through a log-magnitude representation of channels of the Skauli
Stanford Tower image [20] (see Figure 6). The radiance data
cover wavelengths from 415 nm to 950 nm in steps of approxima-
tively 3.65 nm, spanning the visible and NIR spectral ranges. The
image is processed as it simply simulates an acquisition by our
sensor. Figure 6(b) illustrates the facts that we have one pixel in
two on the P5 channel of pattern FS1 (Nyquist frequency). Figure
6(c) shows we have one pixel in two in diagonal for most of the
channels of our array. On Figure 6(d), we can observe the sparser
sampling of most spectral channel of pattern FS1, one sample ev-
ery four pixels in all the eight directions.

To test the energy balance of our sensor [8], and evaluate its
hability to acquire multispectral information in one single shoot,

100

we compute the convolution, as in Equation 2:
780
Ppy = / [lluminant Rep,. Ty p,d2 2)
J400

where N € {1-7}, R, is the relative response of the single sensor
and Tj, p, is the transmittance of each filter Py. The convolution
results are normalized with the maximum transmittance in the vis-
ible for each illuminant. Results are shown in Table 2. We note
that the energetic distribution through our filters is reasonably bal-
anced in the visible, since the variance between the spectral bands
is acceptable for illuminant £ and Dgs. Results can be compared
to the typical curves of the RGB Sinarback camera [3], where the
convolution variance is considered to be good enough for sensor
energy balance. It is likely that a single exposure is sufficient to
capture all spectral bands P1-P7. IR1 in Table 2 shows the addi-
tion of a visible component if we simply put an IR cut-off filter
on top of the sensor. It demonstrates that the sensor is very good
if we only consider the visible range. Exposure setting tests will
probably confirm this analysis in future works.

The case of the NIR filter generates more problems. Indeed,
the global energy ratio is about 4 times the other channels (3.68),
we can expect over-exposed pixels through the IR channel VS
under-exposed pixels in the others for a given integration time. It
can be avoided by using a specific global filter at a certain wave-
length in order to balance the sensor but this is not easy to realise
and will cut too much IR information. Experimental results are
needed to assess and quantify this problem.

Acquisition and preprocessing

The sensor is controlled by a customized electronic board
designed at our Lab and plugged on an FPGA board (see Figure
7(a)). The sensor board and a part of the hardware description pre-
viously performed in our laboratory [9] was re-used and updated
(sensor configuration, video timing detection/generation and dis-
play).

A software developed in our lab (see Figure 7(b)), provides
the control of most functions and acquisition of images or video
sequences. The software is used to retrieve the video stream from
the sensor through the UDP Ethernet protocol. A live preview
of the resulting image after demosaicing channels is also avail-
able for both arrangements FS1 and FS2. To ensure a high speed
and a real-time preview of the result, only a bilinear interpolation
demosaicing has been implemented yet. On block 1 and 2, we
can see the preview of the image acquired on a selected channel.
This is very convenient to focus on a specific filter depending on
the pattern used (i.e. the P5 channel of FS1). Block 4 permits
us to configure the sensor (exposure time) and to perform video
acquisition or snapshot. Block 3 is a tool to perform the spectral
calibration with a monochromator.

Full resolution channel interpolations dedicated to our spa-
tial arrangement and spectral characteristics must be considered
to ensure a better image quality. The reduced spatial image reso-
lution is a typical problem of CFAs and MSFAs due to their intrin-
sic property that a certain spectral band is allocated specifically at
each location of the array. Due to the manufacturing constraints,
16 (4 x 4) photosensitive elements on the sensor correspond to one
filter. Therefore pre-processing becomes necessary to recover the
information of each band to a certain extent, known as demosaic-
ing. In fact, standard techniques will fail to reconstruct consis-
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Figure 6. (a) Multispectral image by Skauli [20] is used. (b, ¢, d) Log-magnitude representation of spatial arrangement for channels of both FS1 and FS2. This

is simply the sampling rate of the filters in the Fourier domain.

tently all the derived images due to the large gap across edges.
Such a technique should be fast enough to handle video process-
ing, while having a good accuracy in the color plane reconstruc-
tion. This problem will be adressed in further communications.

Conclusions

This work establishes a consistent design of MSFAs based
imaging sensor, from elaboration to pre-implementation. Two
filters are to be implemented on a standard 1.3 megapixel sen-
sor. The filters are constructed on a 2D substrate, so that different
wavelengths of light can be captured simultaneously as we can do
with Bayer filter. We posed 2 MSFAs designs formally in order to
test both the maximization of the spectral and spatial information.
Our simulation with several illuminants seems to indicate that it
will not be necessary to use multiple exposure acquisition for the
visible range, but this can be more critical for the NIR channel.
Also, the NIR filter does not cut perfectly the visible part of the
spectrum and we expect to need more pre-processing if it is re-
quired by the application. Finally, the manufacturing process is
relatively simple and reproducible. The resulting system is small
compared to the existing multispectral vision systems.

We suggest that such a very general sensor can still be tuned
(by adding an IR-cut filter for instance) for a given application,
and could serve as a future ground for general multi-component
imaging purpose.

Further investigations and adjustments are needed. Specifi-
cally, we are interested in the development of dedicated demosaic-
ing algorithms. On the other hand, a huge amount of work will be
required to investigate cross-talk effects between filter cells.
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