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bstract. Today, CCD and CMOS detector arrays present excel-
ent features in imaging systems. To investigate the suitability of
ach technology according to various applications, in this work we
ave comparatively studied the quality of the images provided by
ifferent cameras. To this end we have used the speckle method to
etermine the modulation transfer function (MTF) at different wave-

engths of the visible spectrum for the detectors of a low-cost CCD
ideo camera and of two scientific cameras (CCD and CMOS). For
oth the low-cost CCD and the scientific CMOS detectors, the dif-

erences between the MTF curves intensify as the spatial frequency
ugments, while the MTF decreases as the wavelength increases.
or the scientific CCD detector, the MTF spectral behavior does not
how this trend, and the differences between the MTF curves cor-
esponding to extreme wavelengths are not expected to be signifi-
ant, as opposed to what appears for the scientific CMOS
etector. © 2009 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2009.53.3.031101�

NTRODUCTION
ameras with imaging devices based on CCD and CMOS
etector matrices1 are being used more and more in such
isparate scientific and technological fields as colorimetry,

llumination, and astrophysics. Currently, both types of de-
ices offer excellent features in imaging systems when they
re appropriately designed. The consensus is that the two
echnologies complement each other and will coexist in the
uture, depending on the application involved.2–6 Therefore,
o investigate the suitability of the use of one or the other
echnology according to the specific application of the cam-
ra, the complete characterization of the different types of
etector matrices becomes necessary.

A system is optically characterized by the modulation
ransfer function (MTF), the determination of which enables
he image produced by the system to be evaluated from its
esponse in spatial frequency.7,8 For measuring the MTF of
olid-state cameras, the literature cites different methods that
iffer essentially in the type of target or pattern used as the
bject. Thus, for example, methods use bar targets,9 random
argets,10,11 canted self-imaging targets,12 and interferometric
ringes.13,14
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nline Apr. 17, 2009.
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One of the methods to measure the MTF, established in
ur laboratory, is based on using a laser speckle pattern as
he object.15–20 This method is suitable for analyzing the
etector independently of the camera lens, given that it does
ot require a lens to project the pattern. Furthermore, using
tunable laser source, we can characterize the device at dif-

erent wavelengths, this proving indispensable in multispec-
ral and color-measuring applications.

Speckle is an interference phenomenon that occurs
hen coherent radiation is scattered from a rough surface.
everal techniques can be used to generate the speckle pat-
ern, such as different types of transmissive diffusers (ground
lass,15 fused silica,16 microlens arrays17) or integrating
pheres.18–20

In the latter case, an aperture situated in front of the
ntegrating sphere enables us to specify the spatial frequency
ontent of the speckle pattern. Two of the apertures used to
ate are the single-slit18 and double-slit,19 both of which
resent advantages and drawbacks.20 In this work, we have
sed a single slit situated at the exit port of an integrating
phere.

It bears noting that in the works cited above, the sys-
ems analyzed are based generally on scientific CCD cam-
ras, and comparisons were not made between devices of
ifferent quality or technology, nor was the MTF spectral
ariation studied.

The aim of the present work is to apply the optical
etector-characterization method, based on the measure-
ent of the MTF with speckle patterns, to the analysis at

ifferent wavelengths of the image quality provided by dif-
erent cameras. Accordingly we have comparatively studied
he resulting MTF curves at different wavelengths of the vis-
ble spectrum, for the detectors of a low-cost CCD video
amera and of two scientific cameras (CCD and CMOS).

High-end scientific cameras have a digital output and
re usually based on detector arrays in which pixel pitches
etween the horizontal and the vertical directions are equal.
n general, these kinds of cameras fulfill the following re-
uirements: low noise, high responsivity, large dynamic
ange, and high resolution. Array linearity and analog-to-
igital converter linearity are also important in such

1
ameras.
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HEORETICAL BACKGROUND
he relationship between the theoretic power-spectral den-

ity known for a single slit �PSDinput� and the measured
ower-spectral density �PSDoutput� allows us to determine

he MTF of the detector by means of the expression18

PSDoutput��,�� = �MTF��,���2PSDinput��,�� , �1�

here � and � are the spatial frequencies corresponding to
he horizontal and vertical directions x and y, respectively.

PSDoutput is determined from the speckle pattern cap-
ured with the detector, being proportional to the squared

agnitude of the Fourier transform of this speckle pattern.
n the case of a rectangular single slit, PSDinput is given
y21,22

PSDinput��,�� = �I�2����,�� +
��z�2

l1l2

tri��z

l1

�	tri��z

l2

�	
 ,

�2�

here tri�X�=1− �X� for �X��1 and zero elsewhere; �I�2 is
he square of the average speckle irradiance; ��� ,�� is a delta
unction; l1 and l2 are, respectively, horizontal and vertical
imensions of the single slit; � is the wavelength of the laser;
nd z is the distance between the single-slit aperture and the
etector.

Given the geometry of the single slit, the PSDinput can
e separated into frequencies � and �. The horizontal
SDinput�� ,�� is the �=0 profile of PSDinput�� ,��, which
eans that the MTF can be determined separately for x and
directions. In the present work, we determine the horizon-

al MTF. The same thing can be done for the vertical
irection.

ETHOD
xperimental Setup
igure 1 presents the experimental setup used. It is com-
osed of a tunable argon-ion laser source �130 mW� or a
e-Ne laser source (�=632.8 nm; 17 mW), depending on

he wavelength which is being studied, an integrating sphere
o generate the speckle pattern (inner diameter of
52.4 mm), a polarizer to provide a linearly polarized laser-

igure 1. Experimental setup for the measurement of the MTF of the de-
ectors. The aperture A �single slit� and the polarizer P are situated at the
xit port of the integrating sphere.
peckle pattern, a single slit (6 mm height and variable N

. Imaging Sci. Technol. 031101-
idth), and an optical bench to hold the detector, which is
onnected to the control card installed in a personal
omputer.

The laser radiation is aimed at the entrance port of the
ntegrating sphere, generating the speckle pattern at the exit
ort. The aperture situated at the exit port of the sphere
single slit) determines the content in spatial frequency of
he pattern registered in the detector. Under these condi-
ions, the linear polarizer ensures that the PSDinput is given
y Eq. (2).22

With the single slit, the MTF can be determined from a
ingle measurement without the need to move the detector,
ut it must be situated at a distance from the aperture in
uch a way that the maximum input spatial frequency is
qual to the Nyquist frequency of the detector.16,18 In this
ay, the MTF can be determined over the largest possible

requency range, and thus aliasing is avoided.
The distance z between the detector and the single-slit

perture can be calculated by the expression

z =
l1

��Ny

, �3�

here l1 is the slit width, � the wavelength of the laser, �Ny is
he Nyquist spatial frequency of the detector in the horizon-
al direction. For a detector array with a center-to-center
pacing between the photoelements �x, the Nyquist fre-
uency is given by

�Ny =
1

2�x
. �4�

n this work, measurements were made using the detectors
f three different cameras: a low-cost CCD video camera
nd two scientific cameras (CCD and CMOS).

The video camera was a CCD B/W Center HICB347H,
onnected to a Pinnacle Studio™ MovieBox DV control
ard. Its detector array is comprised of a matrix of
52�582 pixels �horizontal�vertical�. The horizontal
pacing between centers of these pixels is 7.98 �m, provid-
ng a Nyquist frequency of 62.66 cycles/mm in the horizon-
al direction by virtue of Eq. (4).

The scientific CCD camera had a high-resolution CCD
/W PixelFly array of 1360�1024 pixels with a center-to-
enter spacing between them of 4.65 �m. Consequently,
ith Eq. (4) taken into account, the Nyquist frequency of

his detector is 107.53 cycles/mm in both directions.
The CMOS camera used was a CMOS B/W Atmos™

reascan 1M30, the detector array of which had
312�1024 pixels. In this case the pixel pitch was 5 �m in
he horizontal as well as in the vertical direction, corre-
ponding to a Nyquist frequency of 100 cycles/mm given by
q. (4).

The width of the single slit used was l1 =1 mm in the
ase of the low-cost video camera CCD detector, and

1 =3 mm for the two scientific detectors (CCD and CMOS).
Taking into account the width of the single slit and
yquist frequencies, we can calculate the distance z between

May-Jun. 20092
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he detector and the aperture by using Eq. (3) for each wave-
ength studied. The corresponding values are listed in Table I
or each detector analyzed.

In general, when the speckle method is used with a
ingle slit, setting the accurate distance between the aperture
nd the detector is problematic because a window is usually
laced in front of the sensitive matrix of the detector at an
nknown distance. For this reason, in practice, the appro-
riate position of the detector is set following an experimen-

al procedure. The influence of the systematic error commit-
ed setting the detector-aperture distance by this
xperimental procedure is investigated elsewhere.15 Thus, the
heoretical values of the distance shown above worked as
elpful references in fixing the detector-aperture relative po-
ition suitable for the measurements.

ata Processing
nce the detector was set at the corresponding distance

rom the single-slit aperture, as indicated in the previous
ection, the PSDoutput��� was determined in the following
ay.

For a given digitized frame of speckle data, a region of
00�500 pixels was selected. Each horizontal row of data is
single observation of an ergodic random process. A fast

ourier transform (FFT), which is a discrete Fourier trans-
orm, was performed on each row of speckle data. The mag-
itude squared in one dimension provided a single estimate
f the one-dimensional power spectrum, PSDoutput���. These
00 spectra were averaged, for a better signal-to-noise ratio
n the PSDoutput���.23 To reduce the noise even further, the
verage was taken for ten frames.

The frames were stored in tiff format without compres-
ion, using an integration time of 0.050 s for the scientific
CD detector and 0.004 s for the CMOS detector. In the

ase of the video camera CCD detector, the frames were
xtracted in tiff format from a video recording captured at a
ate of 25 frames/s for 1 s.

When a FFT is performed on a dataset of length N, the
yquist frequency appears at the N /2 component of the
FT output. A ratio can be formed to evaluate the spatial

requency �n that corresponds to the nth component as20

able I. Distances �mm� between the single-slit aperture and the detector for the three
ameras analyzed.

Wavelength
�nm�

Low-cost CCD
video camera

Scientific
CCD camera

Scientific
CMOS camera

632.8 25 44 47

514 31 54 58

502 32 — —

488 33 57 61

477 33 — —

457 — 61 66

454 35 — —
n

. Imaging Sci. Technol. 031101-
�Ny

N/2
=

�n

n
�5�

quation (5) associates frequencies between zero and the
yquist frequency with FFT components from 0 to the N /2

omponent. In this work, we used N=1024, thus the total
umber of spatial frequencies contained in the range from 0

o the Nyquist frequency of the detector was 512.
Before processing, each digitized frame of speckle data

as corrected in order to reduce effects from the spatial
oise of the detector itself. With respect to the spatial noise
f a CCD, a distinction can be made between the fixed pat-
ern noise (FPN) and the photoresponse nonuniformity
PRNU). The FPN refers to the pixel-to-pixel variation that
ccurs when the array is in the dark, and thus it is signal-

ndependent noise. The PRNU is due to the difference in
esponse of each pixel to a given signal; it is therefore signal-
ependent noise. The FPN was corrected by subtracting

rom the speckle image the dark image captured by obscur-
ng the detector and the PRNU, by means of the procedure
roposed elsewhere.15

For the processing of the speckle images, the appropri-
te software was developed using MATLAB®.

ESULTS AND DISCUSSION
or each wavelength analyzed, the experimental values of the
orizontal MTF of the detectors were calculated using Eq.
1). For the three detectors, at each wavelength analyzed, a
olynomial fit of the experimental MTF values was made,
nd the resulting functional expression was normalized by
ividing it by the value that the adjustment equation pro-
ided at zero frequency. The MTF experimental values of the
etectors were normalized by dividing them by the same
alue used to normalize the corresponding adjustment curve
zero-order coefficient in the polynomial-fit expression).

In the case of the video camera CCD detector, six wave-
engths were analyzed, five of them provided by the tunable
rgon-ion laser. For both scientific detector arrays, the total
umber of analyzed wavelengths was four, and three of them
ere chosen among those provided by the tunable laser. The

hoice of these wavelengths was based on preliminary mea-
urements that showed that the number of wavelengths and
he separations between them were suitable to analyze the
pectral variation of the MTF of each detector.

For both scientific detectors, with the shortest wave-
ength provided by the tunable laser �454 nm�, the signal
as an extremely low due to the corresponding values of the

lit-detector distance together with the low power of the la-
er emission for this wavelength. Hence, the lowest wave-
ength used for the analysis of the CCD and the CMOS
cientific arrays was 457 nm instead of 454 nm, as utilized
n the study of the video camera CCD detector.

The results are shown in Figures 2–4, which reflect, for
he different wavelengths of the visible spectrum, the experi-

ental values of the horizontal MTF of each detector after

ormalization at zero spatial frequency. For greater clarity,

May-Jun. 20093
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ll the points corresponding to the 512 MTF experimental
alues are not shown.

In the case of the CCD video camera, given that by
efinition the MTF is normalized to unity at zero spatial

requency, MTF values higher than 1 are reached due to the
mplification introduced by the electronic filters of the im-
ge card.1,24 Therefore, as the spatial frequency augments,
he MTF of the video camera detector first grows until it
eaches a maximum value and then begins to degrade with
ncreasing frequency.

Figures 5–7 show, for the three detectors and at the

igure 3. MTF experimental values of the scientific camera CCD detector
t different wavelengths of the visible spectrum.

igure 4. MTF experimental values of the scientific camera CMOS
etector at different wavelengths of the visible spectrum.

igure 2. MTF experimental values of the low-cost video camera CCD
etector at different wavelengths of the visible spectrum.
ifferent wavelengths, the MTF curves given by the polyno- T

. Imaging Sci. Technol. 031101-
ial adjustments of the experimental values after normaliza-
ion at zero spatial frequency. For each wavelength, the MTF
urve of the low-cost video camera CCD detector was deter-
ined by fitting experimental values to a third-order poly-

omial function. The squared correlation coefficients asso-
iated with these fits were within the interval from 0.9695 to
.9916. At the different wavelengths, MTF curves of the sci-
ntific camera CCD detector were determined by fitting ex-
erimental values to a second-order polynomial function.

igure 6. MTF of the scientific camera CCD detector at different wave-
engths of the visible spectrum. Curves were determined by fitting experi-
ental values to a second-order polynomial function.

igure 7. MTF of the scientific camera CMOS detector at different wave-
engths of the visible spectrum. Curves were determined by fitting experi-
ental values to a third-order polynomial function.

igure 5. MTF of the low-cost video camera CCD detector at different
avelengths of the visible spectrum. Curves were determined by fitting
xperimental values to a third-order polynomial function.
he squared correlation coefficients corresponding to these

May-Jun. 20094
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djustments were between 0.9305 and 0.9632. For the scien-
ific camera CMOS detector, MTF curves were determined
y fitting experimental values to a third-order polynomial
unction at each wavelength. The squared correlation coeffi-
ients associated with these polynomial fits fell within the
ange of 0.9598 and 0.9868.

The comparison of the results illustrate the differences
etween the cameras analyzed with respect to the perfor-
ance of the MTF of the detector with wavelength, within

he spectral range studied. For the detector of the video
amera, the differences between the MTF curves corre-
ponding to the different wavelengths analyzed become

ore noticeable as the spatial frequency increases. Further-
ore, the highest value of MTF is reached at the shortest of

he wavelengths studied �454 nm�, and the MTF decreases as
he wavelength increases.

As commented previously, with the CCD video camera,
he MTF reaches values higher than unity due to the ampli-
cation introduced by the electronic filters of the image
ard. Related to this fact, our results show that, in general,
he value of the spatial frequency for which the maximum of
he MTF curve is found increases as the wavelength dimin-
shes. The values of the spatial frequency associated with the
xperimental MTF maximum values of the video camera are
isted in Table II, for all the wavelengths analyzed in this
ork. Table II also reports the ratio between each experi-
ental MTF maximum value and the highest of them,
hich corresponds to 454 nm, as observed above.

In summary, the results for the low-cost video camera
CD detector show that the MTF diminishes as the wave-

ength augments, and that the higher the wavelength, the
ower the spatial frequency at which the MTF degradation
egins.

For both scientific detectors, the MTF spectral behavior
oes not show the same trend. Within the range of the vis-

ble spectrum, between 457 and 514 nm, no significant dif-
erences were apparent in the MTF curves of the scientific
etectors resulting at the different wavelengths, at least for
patial frequencies distant from the Nyquist frequency, as
tated in previous works.25,26

The overall MTF behavior of the scientific detectors is

able II. Experimental MTF maximum values of the video camera CCD detector at
ifferent wavelengths: spatial frequencies associated and percentages referring to the
ighest MTF maximum value.

Wavelength
�nm�

Spatial frequency
�cycles/mm�

MTF maximum/
MTF maximum at

454 nm �%�

632.8 35.86 68.0

514 38.67 70.2

502 41.85 83.6

488 46.26 91.7

477 43.08 92.2

454 49.44 100.0
etermined by the geometrical shape of the active pixel area

. Imaging Sci. Technol. 031101-
nd the physical-diffusion effect.1,27 The effect of the shape
f the active pixel area on the overall MTF is especially im-
ortant for CMOS array detectors, where the fill factor is less

han 100%, in contrast to CCD devices, where it can ap-
roach this maximum value.27 The diffusion component of

he MTF is due to the penetration depth of photons into the
ubstrates and, as the wavelength increases, photon absorp-
ion occurs at increasing depths in the detector material.1,27

t was therefore expected that the MTF of the scientific de-
ectors should change more at longer wavelengths than as
eported in previous research. Accordingly in the present
ork we are interested in extending the study of the MTF

pectral variation of the different detector arrays at higher
avelengths within the visible spectrum.

The new measurements carried out show that, for the
cientific CMOS detector, the differences between the MTF
urves corresponding to the different wavelength augment
ith the spatial frequency, as observed for the video camera,

oo. Specifically, the MTF decreases as the wavelength in-
reases for the spatial frequencies beyond the middle of the
nterval analyzed (that is, approximately from half of the

yquist frequency of the detector).
Within the whole spectral range studied here, the MTF

pectral behavior of the scientific detectors does not show
he same trend, the differences between the MTF curves at
he different wavelengths being more notable for the CMOS
han for the CCD scientific detector. Even the differences
etween the MTF curves corresponding to extreme wave-

engths are probably not significant for the scientific CCD, as
pposed to what appears for the CMOS detector.

Differences in the MTF spectral behavior of the detector
rrays studied could be due to the effect of charge diffusion
etween pixels, which depends on wavelength.1 Probably, the
harge diffusion effect is slightest for the CCD scientific
amera, and therefore the wavelength does not influence the

TF of its detector significantly. Besides, in the case of the
ideo camera, the horizontal MTF is also affected by the
lectronic filters of the image card11,24 and, in the case of the
MOS detector, the MTF is influenced by the lower value of

he fill factor, too.27 Our results show that the CCD detector
ielded MTF values higher than those of the CMOS detector
t the same spatial frequencies, for each of the four visible
avelengths analyzed.

ONCLUSIONS
n this work, we have comparatively analyzed the quality of
he images provided by different detector arrays in terms of

TF using the speckle method. In addition, we have com-
ared the arrays’ performance with wavelength over a range
f the visible spectrum. Accordingly, we have studied the
TF at several visible wavelengths, for the detectors of a

ow-cost CCD video camera and of two scientific cameras
CCD and CMOS).

With the CCD video camera, the MTF reached values
igher than one due to the amplification introduced by the
lectronic filters of the image card. For the CMOS detector,
he MTF is also influenced by the lower fill factor.
May-Jun. 20095
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For all the wavelengths studied, the scientific CCD de-
ector exhibited MTF values higher than those of the CMOS
etector.

Moreover, our results reveal differences in the MTF
pectral variation of the detector arrays analyzed within the
pectral range studied. In the case of the CCD detector of
he video camera, the highest value of the MTF was reached
t the shortest of the wavelengths studied.

For both the low-cost CCD and the scientific CMOS
etectors, differences between the MTF curves become ap-
arent as the spatial frequency augments. Beyond one half of

he Nyquist frequency of these detectors, the MTF decreases
s the wavelength increases.

In the case of scientific cameras, the MTF spectral be-
avior does not show the same trend within the spectral
ange studied, the differences between the MTF curves being

ore notable for the CMOS detector. For the scientific CCD
etector, the differences between the MTF curves corre-
ponding to extreme wavelengths are not likely to be signifi-
ant; but they are for the scientific CMOS detector.

Since the penetration depth of photons in the detector
aterial increases with the wavelength, effects of smear and

ignal loss are more pronounced at higher wavelengths.
herefore, the influence of the diffusion on the MTF of the
etector is stronger as the wavelength increases.

The new measurements incorporated into the present
ork demonstrate this fact, as the results found for the sci-

ntific CMOS detector and for the CCD detector of the
ow-cost video camera illustrate. In the cases of the scientific
CD detector, to observe these effects, it would be necessary

o carry out new measurements at higher wavelengths than
hose analyzed here.

In this sense, it is worthwhile to become aware of the
ifferences reported in the MTF spectral behavior of the
etector arrays analyzed in our work, taking them into ac-
ount when choosing a solid-state camera for specific appli-
ations within the spectral range we have studied.
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