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The Design of a Low-cost Radiometric System
for Photovoltaic Solar Cells

Miguel A. Lopez-Alvarez, Stephen Collins, Member, IEEE, Javier Hernandez-Andrés.

Abstract—Photo-voltaic (PV) cell manufacturers use a
standard spectrum when designing and characterizing their
systems. However, various authors have shown that variations in
the spectrum of light during different seasons and/or in different
locations have a significant impact of the efficiency of PV cells.
Consequently, metrics such as the Average Photon Energy
(APE), the Useful Fraction (UF) and the weighted Useful
Fraction (WUF), have been proposed and successfully used to
demonstrate the relationship between the spectrum of the
incident radiation and PV cells efficiency. In this work we
propose the use of an inexpensive radiometric system to
accurately determine the spectrum of incident light and hence
some of these efficiency metrics in real time. This system could
easily be integrated within a PV cell system so that these
parameters are available for both system assessment and possibly
for maximum power point tracking (MPPT) systems that can
deal with challenging partial shading conditions.

Index Terms—Solar Energy, Sensors, Spectral analysis.

I. INTRODUCTION

V ariations in the spectrum of incident irradiation
significantly affect the efficiency of PV modules [1].

Unfortunately, the standard test conditions used to assess
the performance of PV cells very rarely occur when a system
is installed and operated [2]. Consequently, the actual
efficiency of PV cells, particularly those based upon materials
with narrow spectral ranges, can vary by as much as +35%
from that estimated from the standard test conditions [1]. In
fact, some manufacturers have pointed out that once they are
installed their systems produce more power than expected [3].
In contrast the underperformance of PV modules in sub-
Saharan Africa may be due to the difference between the
spectra in the standard test conditions and the actual spectra in
these locations [4].

One study that highlighted the difference between results
obtained from field trials and from standard test conditions
was performed by Berman, Faiman, and Farhi [5]. In
particular, during a study of aging effects in PV modules this
group found that after adjusting their measurement data to
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standard irradiance power and temperature conditions the
maximum power available from each module varied with both
the season and the time of day. To show that this phenomenon
was caused by spectral effects they introduced the term
photovoltaically active fraction (PAF). The PAF represents the
fraction of incident radiation that consists of photons whose
energy is larger than the bandgap of the photovoltaic material.
Similarly, whilst investigating the potential importance of
spectral effects on devices made from materials with different
band-gaps, Gottschalg, Betts, Infield and Kearney used a
parameter that they called the useful fraction (UF). This UF is
the ‘ratio of the observed spectral irradiation in the useful
spectral range of a PV device in question to the observed
global irradiation’ [6]. Using this ratio and spectral data
measured in the UK, they proposed explanations for
previously observed variations in the efficiency of PV cells. In
addition, they showed that both daily and seasonal variations
in the spectrum of irradiation will influence the performance
of PV cells [6]. Subsequently, Al Buflasa, Gottschalg and
Betts showed that for a double junction PV cell there is a
strong correlation between the UF and the ratio of the short
circuit current to the irradiation intensity [7]. In addition,
Jardine et.al. [8] have shown a strong correlation between the
average photon energy (APE) and both UF and the short
circuit current in single junction devices. Based upon these
correlations they have suggested that the APE is a useful
metric when analyzing PV cells efficiency.

The PAF and UF have the advantage that they are relatively
simple to calculate and take into account the properties of the
substrate material used to manufacture the PV cells. However,
they fail to take into account other factors that affect the actual
spectral response of a particular PV cell design such as the
doping of the material and/or the use of protective glass of
different kinds. To take these factors into account, Simon and
Meyer proposed the weighted useful fraction [9]. For a PV cell
design with a spectral response SR(A) (for more details on
how to experimentally measure SR, please refer to [10]),
irradiated by an illuminant with a spectrum E(L) the weighted
useful fraction (WUF) is defined as

cell-max

fCell—min E(Q)SR(D)dA

WUF = fobservedjadiation—max E(ﬂ)d/l

observed_radiation—min
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Since UF is calculated assuming SR(4) = 1 in the range of
the cell absorption in equation 1, UF is always bigger than
WUF for a given cell technology. For PV modules made from
mono-crystalline silicon, the WUF in South Africa varies
between 0.5743 and 0.5293 in winter, whilst in summer the
equivalent variation is from 0.6407 to 0.5927 [4].

The motivation for the various investigations into spectral
effects has been the desire to understand the observed
performance of different PV modules under actual operating
conditions. However, the proven relationship between the
various parameters, and either the efficiency of a PV module
or its short circuit current, may create an important
opportunity to gather information that could be used to survey
a potential site prior to installation or to monitor the long term
performance of an installed system, particularly when a new
type of PV module is deployed. However, this will only be an
attractive proposition if the sensors used to gather the required
information are inexpensive and, in the latter case, more stable
than the material used to make the PV modules.

Previously we have shown [11,12] how data from a small
optimum set of photosensitive sensors and spectral estimation
algorithms can be used to obtain accurate colorimetric and
spectral estimates of skylight radiance. The photo-sensors in
this type of system might be manufactured by integrating
Fabry-Perot filters, with a full-width at half-maximum
(FWHM) of between 10nm and 15nm, on top of the pixels of
an otherwise standard CMOS imager has been demonstrated
[13]. Alternatively, other manufacturers [14] provide similar
filters, with FWHM between 10nm and 40nm, which can be
attached to individual silicon photodiodes to create sensors
with relatively sharp spectral responses. There are therefore at
least two different approaches to creating an inexpensive
spectroradiometric system that can gather data on the
spectrum of light irradiating any system, including a PV
module or PV modules. The aim of the work reported in this
paper is to investigate the number of sensors that will be
required to estimate relevant spectral parameters.

Previously, the optimum set of sensors with Gaussian
spectral responses required to reconstruct the spectrum of
illuminating light was found using simulated annealing. We
found that this optimization reduced the number of sensors
required to perform this task. In addition to potentially
reducing the cost of a system, the optimum set of sensors is
more robust to noise and temperature changes is also
improved, both in computational simulations [11] and actual
systems [12]. Critically, these results suggest that it is should
be possible to estimate the spectrum of daylight and skylight,
and hence parameters related to PV module performance,
using a small number of sensors and simple data processing
implemented on inexpensive hardware.

In this work, our interest is moved from skylight radiance
[15] to daylight irradiance [16]. Moreover, since current PV
cells are capable of capturing radiation from 300nm to
1180nm (in the case of c-Si cells), we also need to extend the
spectral range of interest beyond the visible. Hence, the aim of
this study is to investigate the feasibility of implementing an
inexpensive system that can estimate daylight spectral
irradiance in the range of interest for c-Si and a-Si PV cells.
The system we computationally simulate here is based on the
responses of a small set of sensors with Gaussian spectral and

a spectral estimation algorithm [11] that can obtain accurate
daylight spectral curves from the sensor responses in real time.
This spectral data could be used to provide accurate estimates
of any parameter of interest at different times. However,
parameters such as UF and WUF require a sensor to determine
the global irradiation. To avoid the need for this extra sensor,
the work reported in this paper concentrates upon systems that
estimate parameters, such as APE, that only require data from
wavelengths between 300nm and 1100nm,

This manuscript is structured as follows. In section 2 we
describe the experimental set of daylight spectral data we used
in our study. In section 3 we show the method and procedure
we followed to obtain spectral estimates of the radiation
impinging on a PV cell, and how we can use this spectral
information to infer interesting information that will relate to
the PV cell efficiency. In section 4 we show the results
obtained from an optimized small set of Gaussian sensors and
discuss the potential accuracy of such a system. Finally, a
summary and conclusions are provided in section 5.

Il. DESCRIPTION OF THE EXPERIMENTAL DATA

In order to obtain statistical significant results, we used a set
of 2600 spectral daylight irradiance measurements taken in
Granada (Spain, 37.18°N 3.60°W) over two years. This
placement is close to a large solar power station [17]. Our data
was acquired with a cosine receptor attached to the
spectroradiometer, hence the measured irradiance comes from
the whole sky dome. More details about this set of spectral
data can be found in reference [16], and the data set is publicly
available at http://colorimaginglab.ugr.es/pages/Data. These
spectral data contain information in the range from 300nm to
1100nm in 5nm steps, and allow us to estimate the total
number of photons that could be absorbed by any material
according to its spectral absorptance, including both a-Si, c-Si.
However, in this work, we will restrict our examples to the a-
Si case, and all the calculations will be done in the total
available spectral range of our dataset (300-1100nm) in order
to prove the general feasibility of our approach.

Previously, large changes in the spectrum of daylight have
been observed between the middle of the day and both early
morning and the evening. The results in Fig. 1 show that the
average photon energy calculated using the spectral response
of a typical a-Si cell from reference [2] at different times of
day is close to 1.9eV (corresponding to a photon of 659nm)
for most of the day (that is for most of the solar elevations).
However, huge APE variations (around 45%) can be seen at
the smaller solar elevations that occur around sunset and
sunrise and even during the day the APE can vary by 20%.

Fig. 1 here.

In the following sections, a subset of 100 spectra from the
whole dataset is used as a training set. Spectral estimation
algorithms, such as the one used in section 3, usually provide
unrealistically good results when estimating the spectra in the
training set. Hence, another representative set of spectra are
used to test the accuracy of the spectral estimation method.
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These training spectra are selected according to a grouping
algorithm proposed in a previous work [18], where we also
proved that a small subset selected in this way can provide
accurate and realistic spectral reconstructions of the whole test
set.

I11. DESCRIPTION OF THE SYSTEM

In previous works [11, 12] we have been able to design and
develop a simple multispectral imaging system that permitted
us to obtain accurate spectra of skylight radiance from
different points of the sky dome in Granada, on clear days, at
different times of the day and during two years. The
combination of a small set of optimized Gaussian sensors and
the Imai-Berns spectral estimation method proved to be an
excellent approach for solving this problem in the visual
spectral range. In a similar work [18] we also proved that the
Imai-Berns method (or a particular case of it, called linear
pseudoinverse) can provide estimates of skylight spectral
radiance from the responses of a 3-sensor commercial
scientific CCD camera, which were reliable enough to predict
the optical depth, the Angstrom exponent, or cloud cover in
real time [19].

Various spectral estimation algorithms exist [11, 20] which
might be used for the purpose of this work. These algorithms
rely on the statistical similarity between the spectra under
analysis. Hence, covariance techniques —such as principal
component analysis (PCA) [20]- allow high-dimensional data
(the spectra) to be obtained from low-dimensional inputs (the
sensors responses). Most of these spectral estimation
algorithms are based on the observation that a set of spectral
curves belonging to a given kind of illuminant (both natural
and artificial), or even the spectral reflectance curves
belonging to a given kind of objects, can be accurately
represented by a linear basis of reduced dimension [20].
Hence, linear methods can be used to calculate the spectral
curves from the camera’s sensor responses. Recently, some
authors [21, 22] have also proposed the use of more
sophisticated methods based on neural network prediction,
spline interpolation, genetic algorithms, or logarithmic kernel,
among others. However, the improvement in accuracy is
marginal, while the computation time increases significantly.
We therefore prefer to use the Imai-Berns method [23], since
it is fast, robust, and provides accurate results, as reported by
various authors [11,24].

Once the spectrum of the light irradiating a sensor has been
estimated, this can be used to estimate one of several
parameters of interest. One of the parameters that is
potentially useful is the photon absorption rate (PAR) for a PV
module, which is proportional to the short circuit current that
would be obtained. If the spectral response of the PV module
is SR(1), then PAR can be estimated using equation 2:

1100nm
PAR = J‘30011m

E(A)SR(A) = d2 )

For simplicity, this can be written in matrix from:

PAR=SR - A-E ©)

where A is an N-by-N diagonal matrix (assuming N sampling
wavelengths) containing the product % for each of the

sampling wavelengths (h is Planck’s constant, ¢ is the speed of
light in vacuum, and A is the specific wavelength), E is a N-
by-1 column vector containing the radiance received by the
PV cell, and SR is a N-by-k matrix containing the spectral
response of the k sensors in our system at the N sampled
wavelengths (SR’ means transposed). The main assumption of
the Imai-Berns method [23] is to write the radiance E as an
expansion of a low-dimensional linear basis. Details on this
method can be found in many papers in the literature [11, 12,
20].

In our computational simulations using the Imai-Berns
method to obtain spectral estimates, we modify different
parameters affecting the design of the system, including the
number of sensors and position and width of the spectral
response of each sensor used, in order to find the combination
providing the best result. We will also simulate different
sensor heights in order to take into account different
parameters that could affect the relative responsivity of
individual sensors in a given set, for example, the variation of
quantum efficiency with sensor central position at different
wavelengths, or variable exposure times.

When dealing with the question of how accurate our system
needs to be, we face two challenges. First, which metric
should we use to judge the accuracy of a spectral estimate
system intended to work in a range wider than the visual
(hence, colorimetric metrics are not valid). Second, what is the
minimum accuracy that will permit the detection of variations
in the efficiency of typical PV cells due to changes in the
spectral composition of the impinging radiation.

Regarding the first question, since the power available to a
PV cell is proportional to the photon absorption rate (PAR),
then, in addition to APE explained in section 1, the PAR
should be a good metric. The error between the actual and
estimated photon absorption rate in a spectral estimation
system can be calculated as:

1100nm
PAR error = [/

(EQ) = Eese 0))SR() = d2. (3)
Where, again, E is the spectrum of the light impinging the PV
cell, Eest is the estimate of that spectrum, SR is the spectral
responsivity of the PV cell, and h and c are Planck’s and speed
of light constants. Hence, for the purpose of this work, errors
in the spectral estimates will be expressed in terms of PAR
and APE for a PV cell with a spectral sensitivity SR.

A target accuracy of any estimation method can then be
obtained by considering the temperature sensitivity of a PV
cell. In particular, in addition to being dependent upon the
illuminant spectrum, the performance of PV cells is also
sensitive to temperature, showing increases of 0.3%/K in the
case of ¢-Si, and approximately 0.1%/K in a-Si. We have also
shown in Section 2 that the variation for APE can be as large
as 20% during the main part of the day. Hence, an error
between 0.1% and 1% would permit the detection of
meaningful changes in the efficiency of the PV cell and
therefore represent a good threshold for the accuracy required
to a spectral estimation system for this application.
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Noise is an external factor affecting the response of every
electronic system. Hence, we will also simulate its effect in
this work. For typical light capturing devices [25, 26], noise
can vary between 2% and 3.5% of the total signal, depending
on the exposure time required for image capturing. The
corresponding signal to noise ratio (SNR) would be between
40dB and 34dB. For more sophisticated devices, which have
some kind of sensor refrigeration, noise can be reduced to 1%
(i.e., 40dB of SNR). Moreover, some noise correction
algorithms exist [26-27] (multiple frames temporal averaging,
for instance) that can reduce its effect for both refrigerated and
non-refrigerated devices, down to levels around 0.5% (46dB
of SNR) and 1% respectively.

In our simulations we will assume noise levels of 1% and
3%, equivalent to SNRs of 40dB and 30dB respectively, since
this level seems to be fairly realistic. However, we will also
show some results obtained in noise-free situations, in an
attempt to analyze how accurate our approach can be
regardless the effect of noise. As we mentioned above, we are
interested in a system that can predict changes in efficiency
metrics like APE as small as 0.1%. Hence, if we simulate the
noise-free situation, we can get an approximation for the
operating margin of our proposed system. Additionally,
analog-to-digital conversion (A/D) is another source of noise
to be considered. In our simulations, realistic 12-bit
conversion is evaluated.

IV. RESULTS

A sensing system could be designed so that the spectral
responses of the sensors can be combined to replicate the
spectral response of a PV cell. An example of this approach is
shown in Fig. 2. In particular, in this example the relative
heights of the spectral responses of 28 sensors have been
adjusted so that the total response of the sensors replicates the
spectral sensitivity of an a-Si PV cell. The close similarity
between the spectral responsivity of a PV cell and the sum of
the correctly weighted output currents from these sensors can
then be used to directly estimate PAR for an a-Si PV cell.
However, the results in Table 1 suggest that this method only
meets the desired level of accuracy when the SNR is 40dB or
better.

Fig. 2 here.
Table 1 here.

Although conceptually simple, the direct method fails to
exploit the correlation between the different parts of the
spectrum of natural light. To exploit this correlation we have
investigated the accuracy of a system based upon an optimum
set of sensors and the Imai-Berns spectral reconstruction
method. This system can be used to estimate the spectrum of
light falling on the sensors and the PV cell which can then be
used to estimate PAR and APE-. Errors on these metrics can
then be calculated as shown in equation 3. We would expect
the mean error to be close to zero, as it actually occurs since
errors in this calculation are randomly distributed, with the
same probability of being an overestimation or an

underestimation. Hence, the standard deviation across the
whole data set is a better error metric for the parameters we
study.

Sensors optimization requires an optimization metric. When
the spectral estimation system is intended to be used for
colorimetric calculations, it is usual to use a combination of
spectral and colorimetric metrics in the optimization [11, 12].
However, in our current case, we need the spectral estimates
to be as accurate as possible, since we are using that
information to later calculate average photon energy (APE),
and the photon absorption rate (PAR). We tried to minimize
the standard deviation of one of these metrics in our
experiments, however, optimizing one metric usually
degraded the results obtained for the others. In contrast, we
found that minimizing the mean of the spectral root-mean-
square error across the whole data set resulted in very good
values for the two error metrics of interest. Moreover, since
we want our spectral estimation system to be as general as
possible and independent on the PV cell technology and its
range of absorption, it is preferable to use a purely spectral
metric for the optimization.

In Fig. 3 we show how the error in the APE and PAR
decrease as the number of optimum sensors used in our system
increases. However, at low noise levels, having just 7
optimum sensors is good enough and little improvement is
achieved by adding more sensors to the system.

Fig. 3 here.

The set of optimum sensors is very similar for all noise
situations (optimum sensors are slightly sharper as noise
increases, a very well-known effect [11, 12, 20, 24]). Fig. 4
shows the spectral responses of the 7 optimum sensors and the
standard reference spectrum ASTM G173-03 [28], which is
included in the right axis for convenience. The sensors with
higher sensitivities correspond to spectral regions where the
irradiance is lower. Each of these spectral responses are wide
compared to the spectral resolution of a spectrometer. This
means that this data can be gathered without the
monochromator, which is an essential part of a spectrometer.
Instead, the system can be created from a small number of
inexpensive photodiodes and filters that cost approximately
one tenth of the price of a monochromator.

Fig. 4 here.

The set of 7 optimum sensors have two important features:
first, the set seems spectrally equispaced in order to fully
sample the whole range. Second, the relative heights of the
sensors are bigger for the extremes of the spectrum, in order to
compensate for the smaller amount of radiation received in
those spectral ranges. Finally, since the metric being
optimized in these experiments was the spectral RMSE, which
is independent of the PV cell range of absorption, we find
some optimum sensors in the spectral range between 800nm
and 1100nm even when the a-Si cells show no absorption in
that range.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5

V. CONCLUSIONS

We have shown that the spectral distribution of the
available daylight in Granada is variable enough to have a
significant impact on the efficiency of a PV cell. In particular,
data gathered over two years, showed the average photon
energy, previously used to explain changes in PV cell
efficiency, vary significantly throughout a typical day. Having
real-time knowledge of the spectrum of the radiation
impinging on a PV cell could therefore be a useful part of a
system that monitors the long term performance of a cells in a
PV system.

We have shown how a potentially inexpensive system,
based on a small number of sensors, can be designed in order
to provide accurate estimates of APE and/or PAR metrics. The
sensor optimization approach is good enough to measure
relevant metrics to an accuracy of below 1%. Although they
are mathematically complicated, the approaches based on
spectral estimation have the advantage of providing more
complete information, which could potentially be useful for
system diagnostics. Furthermore, optimizing the selection of
sensors used for the spectral estimation system significantly
improves its accuracy, whilst reducing its potential cost and
enhancing its robustness. The result is a system that is capable
of estimating the selected efficiency metrics to an accuracy of
better than 1%.

REFERENCES

[1] K. Bucher, “Site dependence of the energy collection of PV modules”
in Solar Energy Materials and Solar Cells, vol. 47, pp. 85-94, 1997.

[2] M. Cheggar, P. Mialhe, “Effect of atmospheric parameters on the silicon
solar cells performance”, in Journal of Electron Devices, vol. 6, 2008,
pp. 173-176.

[3] M. Topic, K. Brecl, J. Sites, “Effective efficiency of PV modules under
field conditions”, in Prog. Photovolt: Res. Appl., vol. 15, 2007, pp. 19-
26.

[4] M. Simon, E. L. Meyer, “The effects of spectral evaluation of c-Si
modules”, in Prog. Photovolt: Res. Appl., vol. 19, 2011, pp. 1-10.

[5] D. Berman, D. Faiman, B. Farhi, “Sinusoidal spectral correction for high
precision outdoor module characterization”, in Solar Energy Materials
and Solar Cells, vol. 58, 1999, pp. 253-264.

[6] R. Gottschalg, T.R. Betts, D.G. Infield, M. J. Kearney, “Experimental
study of variations of the solar spectrum of relevance to thin film solar
cells”, in Solar Energy Materials and Solar Cells, vol. 79, 2003, pp.
527-537.

[71 H. A. Buflasa, R. Gottschalg, T. Betts, “Modeling the effect of varying
spectra on multi junction a-Si solar cells”, in Desalination, vol. 209,
2007, pp. 78-85.

[8] C. N. Jardine, T. R. Betts, R. Gottschalg, D. G. Infield, K. Lane,
“Influence of spectral effects on the performance of multi junction
amorphous silicon cells”, in Europe Conference and Exhibition, Rome,
2002. http://web.etaflorence.it/102.0.html

[9] M. Simon, E. L. Meyer, “Spectral distribution on photovoltaic module
performance in South Africa”, in 33 IEEE Photovoltaic Specialist
Conference (PVSC’08), 2008, pp. 1-5.

[10] ASTM E1021, [Online]. Available:
http://www.astm.org/Standards/E1021.htm.

[11] M. A. Lépez-Alvarez, J. Hernandez-Andrés, E. M. Valero, J. Romero,
“Selecting algorithms, sensors, an linear basis for optimum spectral
recovery of skylight” in JOSA A, vol. 24, 2007, pp. 942-956.

[12] M. A. Lopez-Alvarez, J. Hernandez-Andrés, J. Romero, “Developing
and optimum computer-designed multispectral system comprising a
monochrome CCD camera and a liquid crystal tunable filter”, in App.
Opt., vol. 47, 2008, pp.4381-4390.

[13] Bert Geelen, Carolina Blanch , Pilar Gonzalez , Nicolaas Tack and Andy
Lambrechts " A tiny VIS-NIR snapshot multispectral camera ", Proc.

SPIE 9374, Advanced Fabrication Technologies for Micro/Nano Optics
and Photonics VIII, 937414 (March 13, 2015); doi:10.1117/12.2077583

[14] https://www.andovercorp.com/products/bandpass-filters/standard/193-
299nm/

[15] J. Herndndez-Andrés, J. Romero, R. L.Lee Jr., “Colorimetric and
spectroradiometric characteristics of narrow-field-of-view clear skylight
in Granada, Spain”, in JOSA A, vol. 18, 2001, pp. 412-420.

[16] J. Herndndez-Andrés, J. Romero, J. L. Nieves, R. L. Lee Jr., “Color and
spectral analysis of daylight in southern Europe”, in JOSA A, vol. 18,
2001, pp.1325-1335.

[17] TSK, photovoltaic plant (Spain)
http://en.grupotsk.com/proyectos/las-gabias

[18] M. A. Lopez-Alvarez, J. Hernandez-Andrés, J. Romero, F. J. Olmo, A.
Cazorla, L. Alados-Arboledas, “Using a trichromatic CCD camera for
spectral skylight estimation”, in App. Opt., vol. 47, 2008, pp. H31-H38.

[19] F. J. Olmo, A. Cazorla, L. Alados-Arboledas, M. A. Lopez-Alvarez, J.
Hernandez-Andrés, J. Romero, “Retrieval of the optical depth using an
all-sky CCD camera”, in App. Opt., vol. 47, 2008, pp. H182-H189.

[20] J. Y. Hardeberg, “Acquisition and reproduction of color images:
colorimetric and spectral approaches”, Ph.D. thesis in Ecole Nationale
Supérieure des Télécommunications, Paris, 1999.

[21] C. Pizarro, F. Martinez-Verdd, J. Arasa, “Application of genetic
algorithms to minimization of the reproduction error of natural objects in
calibrated CRT display using the GOG model”, in AIC’05 Proceedings
Book™, 2005, pp.125-1238.

[22] T. Eckhard, E. M. Valero, J. Herndndez-Andrés, V. Heikkinen,
“Evaluating logarithmic kernel for spectral reflectance estimation —
effects on model parametrization, training set size, and number of sensor
spectral channels”, in JOSA A, vol. 31, 2014, pp. 541-549.

[23] F. H. Imai, R. S. Berns, “Spectral estimation using trichromatic digital
cameras”, in Proc. of the International Symposium on Multispectral
Imaging and Color Reproduction for Digital Archives, 1999, pp. 42-48.

[24] M. Hironaga, N. Shimano, “Estimating the noise variance in an image
acquisition system and its influence on the accuracy of spectral
reflectances”, in App. Opt., vol. 49, 2010, pp. 6140-6148.

[25] M. A. Lépez-Alvarez, J. Hernandez-Andrés, J. Romero, J. Campos, A.
Pons, “Calibrating the elements of a multispectral imaging system”, in
JIST, vol. 53, 2009, pp. 031102-1 — 031102-10.

[26] M. de Lasarte, J. Pujol, M. Arjona, M. Vilaseca, “Optimized algorithm
for the spatial non-uniformity correction of an imaging system based on
charge-coupled device color camera”, in App. Opt., vol. 46, 2007, pp.
167-174.

[27] A. Ferrero, J. Campos, A. Pons, “Correction of photoresponse
nonuniformity for matrix detectors based on prior compensation for their
nonlinear behaviour”, in App. Opt., vol. 45, 2006, pp. 2422-2427.

[28] ASTM G173-03, [Online]. Auvailable:
http://rredc.nrel.gov/solar/spectra/aml.5/astmg173/astmg173.html

[Online]. Auvailable:

Miguel A. Loépez-Alvarez received both M.Sc. in

Physics and Electrical Engineering, and the Ph.D. in

Color Science (2007) from the University of Granada
(Spain), where he worked as an assistant professor.

He joined HP in Barcelona in 2008, as an engineer

in color science and sensors for large format scanners

and printers. Since 2016 he works as a Color Expert

\ for Intracon. He also collaborates as an associate

* editor for the Journal of Imaging Science and

Technology (IS&T society) since 2013.

Steve Collins received the B.Sc. degree in theoretical
physics from the University of York, York U.K. in
1982 and the Ph.D degree from the University of
Warwick, Warwick, U.K. in 1986.

From 1985 until 1997, he worked within the
Defense Research Agency on various topics including
the origins of 1/f noise in MOSFETS, imaging sensors
and analog information processing. Since 1997 he has
been with the University of Oxford, Oxford, U.K.
where he has continued his interest in CMOS
analogue microelectronics, with an emphasis on

sensing light.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

Javier Hernandez-Andrés is Professor at the
Department of Optics of the University of Granada.
He has published around 50 papers in JCR scientific
journals. His recent research interests include
multispectral imaging, spectral estimation, HDR
imaging, color and spectral image processing as well
as atmospheric optics. He teaches several subjects at
B.Sc. and Master level, including courses in the
Erasmus + Joint Master degree COSI (“Color in
Science and Industry”).




> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

2.75
2.5
2,3 —4—SNR = inf
2,2 225 —=—SNR = 40dB
2,1 2 —e—SNR 30dB
= = 175
— ’ = 1.5
5 1
w19 5
< « 1.25
1,8 =
1
1,7
0.75
1,6
0.5
1,5
0 0 10 20 30 40 50 60 70 80 0.25
solar elevation (degrees) 0
0 5 10 15 20 25 30
A A Number of optimized sensors
Fig. 1. APE of the whole dataset as a function of solar Fig. 3b

elevation.
Fig. 3: (a) APE, (b) PAR errors as a function of the number of

optimum sensors used for spectral estimation at various noise

levels
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Fig. 4. The spectral responses of an optimum set of seven
sensors (left axis), superimposed to the ASTM global tilt
1.25 reference spectrum (right axis).
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