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2 In some color image sensors, the spatial sam- . i-.  S C T i..
............ QJ  -: , . 1   -   -:  pling frequency in one color is
different from the ::  :-::. -.-Thisrven.tinn :rwelateS     optical spatial
fre-  spatial sampling frequency of another color. For qpiy-f'itPver  ai
for u   ith discrete       example, in one type of image sampling system,
:i CamYlii. i                                        the s   patial
sampling frequency in green is twice In an-me san^-tig ~'st~il1 hIo ng an
image        the spatial sampling frequency in red or blue to sensor that
sa~irgpfe* t e  letViscrete sam-        account for the greater sensitivity
of the human pling ltiof, it is desre-b bnd limit the            eye to
green detail. To date, the spatial frequency spatial frequency of the input
image to reduce the  filters described above have been built to function
appearance of spurious spatial frequency compo-   10  in an achromatic
fashion, i.e. the spatial frequency flints in an inage recorn~tiuctd from
the signals   response of the filters is substantially the same for
produced by the image sensor. The production of     all colors. the
spurious spatial frequency components is          An achromatic frequency
response presents a called aliasing error. The effect occurs when the
dilemma for use with a color image sensor where image includes  atial fru
components   T5  the spatial sampling frequency is higher for one that are
higher than one-half of the spatial sam-   color than it is for another. If
the frequency re- piling frequency of the sensor. Visual patterns pro-
sponse of the filter is optimally chosen to reduce duced. by aliasing
errors are often called Moire    aliasing in the more highly sampled color
(e.g. patterns. To this end, it is known to employ an     green), the
spatial frequencies in the other less optical spatial frequency filter in
the optical path   20   highly sampled colors (e.g. blue and red) will not
of an image sensing system.          .              be adequately limited,
resulting in aliasing in U.S. Patent No. 3 588 224 issued June 28.
these colors. On the other hand, if the frequency 1971 to D.H. Pritchard
discloses an optical spatial  response of the spatial filter is optimized
for the frequency filter for use with a color TV camera     less highly
sampled colors (e.g. red and blue), the tube having a striped color filter.
The optical spa-   25   spatial frequencies in the more highly sampled tial
frequency filter includes at least one pair of bi-  color (e.g. green),
will be unduly limited, and the refringent elements with a quarter wave
plate po-   sharpness of an image reconstructed from the sitioned between
them.                              samples will be undesirably reduced. The
first birefringent element in the filter splits  It is an object of the
invention to provide an an incoming ray of light into two spaced apart  30
optical spatial frequency filter of the type de- rays linearly polarized
perpendicular to each       scribed above, that avoids the drawbacks noted
other. The quarter wave plate changes the polar-    above when used with an
image sensor having ization state of the light rays from linearly to cir-
different spatial sampling frequencies for different cularly polarized by
retarding one component of     colors. the light waves with respect to an
orthogonal   35    The object is achieved according to the present
component by a quarter wavelength. The second       invention by providing
an optical spatial fre- birefringent element splits each of the two circu-
quency filter as defined in claim 1 and having a larly polarized rays into
two spaced apart rays to  color dependent spatial frequency response. This
form an array of four spaced apart rays.            is accomplished by a
wavelength dependent When the optical spatial frequency filter is  :;
means for changing the polarization state of the placed in the optical path
of the image sensing     light such that the polarization state of light of
a system, each spot in the input image is split into  first color is
changed by a first amount, and the four spaced apart spots on the image
sensor. The    polarization state of light of a second color is image
sensor is presented with four overlapping     changed by a second amount
different from the identical images, each image slightly displaced   45
first; the difference between said first amount and from the others. The
resulting composite image presented to the image sensor appears as a
said second amount approximaties to-. where slightly blurred version of the
original image, hav-                                  4 ing reduced spatial
resolution. In one arrange-     k is an odd integer, such thatthe spatial
frequency ment of the elements of the spatial frequency   50   response of
the spatial frequency filter is color de- filter, the spaced apart spots
lie along a line,    pendent. thereby limiting the spatial resolution in
the direc-  When used with a given image sensor, the re- tion of the line.
Alternatively, the elements can be  spective thicknesses of the elements,
and their ar- arranged relative to each other to cause the        rangement
relative to each other, are selected so spaced apart spots to lie on the
corners of a paral-  55   that the spatial frequency response to the first
lelogram, thereby limiting the spatial resolution in  color is related to
the sampling frequency of the two orthogonal directions. Further
birefringent     first color by the sensor, and the spatial frequency
elements and wave plates may be added to the        response to the second
color is related to the filter to further modify its frequency response. In
sampling frequency of the second color. other spatial frequency filters of
this type, the   60  The advantages offered by the invention are means for
changing the polarization state of the    mainly that the spatial frequency
response of the light between the birefringent elements is an opti-  filter
is color dependent so that aliasing effects cally active element that
directly rotates the polar-  can be reduced in a color image sensing system



ization of the light, rather than retarding one com-  having an image
sensor with different spatial ponent of it with respect to another.
65   sampling frequencies for different colors without 2    Ad3$   -   4
53>:  -  EPOI81 872 B1             4                     ( =   r;
fiQf:-itQ0S*r-t?  iflnone~or mo~r~e ofthe olors  Fig. 13 is a plot of spot
intensity versus w A,. >I tv ,.U, .dii   the. Cor d~ep ini~de od t    l
spatial  length of light, useful in describing the operation <
?4i,.geli              d   in.pIeily- co on-         of the color dependent
spatial filter having a half A,:t, Deducted. ft s dv,.b~ieand ise&$1y
ta1*~e~d fbr dif-  wave plate, or multiple order full wave plate. |'ferent'
frnqiaicy resporwes in o ^n- ;r ' twb di-  5    The image sensing system
shown in Fig. 1 in- ^ mensions               .'~            '5-, t,:Q; :'.
cludes a lens 10 for focusing an image onto a Ways of carrying out the i
tO 'are de-         discrete sampling type color image sensor 12, scribaed
below with reference to the drawings,      such as a CCD image sensor
having an overlying wherein:
color filter array indicated by vertical stripes la- Fig. 1 is a schemiatic
perspectie diagramn of an   10   beled GRGB to indicate green, red, green,
and imageusensing system having a color image sen-      blue respectively,
and a color dependent spatial sor for sampling different cOs at different
spa-    frequency filter 14. As shown in Fig. 1, the green tial sampling
frequencies;                          filter elements (G) on the color
image sensor 12 Fig. 2a is a schematic diagram of a color de-     occur at
twice the spatial frequency of the red (R) pendent spatial frequency ilteer
according to the   '5   or blue (B) filter elements. A color dependent
present invention;                                  spatial frequency
filter 14 limits the spatial fre- Fig. 2b is a diagram illustratingthe
output of    quencies in the green component of the input the filter of
Fig. 2a in response to a spot of unpo-  image to frequencies related to the
frequency of larized white light;                                green
filter elements in the array of filter elements Fig. 3 is a diagram  useful
for showing the   20   on the image sensor 1 2, and limits the spatial fre-
orientation of a wave plate in the filter shown in  quencies in the red and
blue components of the Fig. 2a;
input image to some lower frequency related to Fig. 4 is a diagram
illustrating the color depen-  the frequencies of the red and blue filter
elements dent spatial frequency response of the filter       on the image
sensor 12. The color dependent shown in Fig. 2a;
25   spatial filter, thereby reduces aliasing in each Fig. 5a is a
schematic diagram of another exam-   color in an image formed from the
output signal S ple of a color dependent spatial frequency filter   of the
image sensor, without unnecessarily sacri- according to the invention;
ficing resolution or sharpness in any of the colors Fig. 5b is a diagram
illustrating the output of   of the image. the filter shown in Fig. 5a in
response to a spot of   30  Fig. 2 shows an exploded top view of the color
unpolarized white light;                            dependent spatial
frequency filter 14. The filter 14 Fig. 6a is a schematic diagram of a
spatial filter  comprises a first birefringent element 16, a wave according
to the invention, having a two dimen-     plate 18. and a second
birefringent element 20. sional color dependent frequency response;
The birefringent elements may be constructed Fig. 6b is a diagram
illustrating the output of  35   from any of the doubly refracting mineral
crystals the filter shown in Fig. 6a in response to a spot of  such as
clacite or quartz. The wave plate may be unpolarized white light;
constructed from any of the naturally occurring Fig. 7a is a schematic
diagram of another two     doubly refracting crystals or man-made, oriented
dimensional color dependent spatial filter accord-  plastic materials used
for constructing wave ing to the present invention:                  40
plates. Fig. 7b is a diagram illustrating the output of     The first
birefringent element 16 having an op- the filter shown in Fig. 7a in
response to a spot of  tic axis 22 located parallel to the plane of the
unpolarized white light;                            drawing as shown in
Fig. 2, splits a ray of unpo- Fig. 8 is a diagram illustrating the color
depen-  larized white light W into an ((ordinary)) ray com- dent spatial
frequency response, in different spa-   45   ponent (o) polarized in a
direction perpendicular tial directions, of the filter shown in Fig. 7a;
to the plane of the drawing, and indicated by a Fig. 9a is a schematic
diagram of another exam-   dot, and an ((extraordinary)) ray component (e)
ple of a color dependent spatial frequency filter   polarized in a
direction in the plane of the drawing according to the invention;
and perpendicular to the polarization of the <eordi- Fig. 9b is a diagram
illustrating the output of  50   nary)) ray, indicated by an arrow. The two
rays the filter shown in Fig. 5a in response to a spot of  emerge from the
birefringent element in a direc- unpolarized white light;
tion parallel to and spaced apart from each other, Fig. 10 is a diagram
illustrating the color de-   and parallel to the input ray W. The wave
plate 18 pendent spatial frequency response, of the filter   changes the
polarization state of the red and blue shown in Fig. 9a;
55   components of the white light rays from linearly Fig. 11 is a plot o
spot intensity versus wave-   polarized to circularly polarized as
indicated by length of light useful in describing the operations  the
circular arrows labeled R, B, but does not af- of the color dependent
spatial filter having a full  fect the polarization state of the green
component 



waveplate,ormultipleorderfullwaveplate;             of the white light ray,
as indicated by the arrow Fig. 1 2a is a schematic diagram of a further ex-
60   and dot labeled G. This result is achieved because ample of a color
dependent spatial frequency filter  the wave plate has the effect of a
quarter wave according to the present invention;                 plate in
red and blue, and a full wave plate in Fig. 1 2b is a diagram illustrating
the output of  green. the filter shown in Fig. 1 2a in response to a spot
A front view of the wave plate 18 is shown in of unpolarized white light;
and               6    Fig. 3. The wave plate comprises a sheet of bire- 3
_h~~~~~~~~~~~~~~~~~~~~~~~~~~ - . s'.'-.,-:   a-  -    ~~~~~ ~~~~~~~ ~-~>
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~ qg~*  aWr1l " '' "a  bptiO axis 26 that lies   spots, the red and blue
frequency response t~~ilaO sunCes. bot er:, eet, adat1 0. %           of
pol~ri28Ion of thee      first zero at a spatial frequency of jira 'ngeflt
element ..da~ '~                        =45". TheTherequired    5    where
dRB is the distance between the magenta thicknes-bfbtM' a    .atet~fl~bO
calculated        colored spots. When the spots are equally spaced. as
explained below,  :ttiete   'plate is easily   dRB = 3dG, and the first
zero of the frequency re- coristvucted.                 e1 sponse for red
and blue is- *Th. SISCOnd bimfiemn element 20. having an   to4d * e
0 .  h24  avc the ligt poarized in the  As noted above, the wave plate 18
between the eplakofi 2hewJNg into glys indicated by the       two
birefringent elements is a quarter wave plate P:M    1OfnU he    into    p
for red and blue wavelengths of light and a full Vrrws.Sn VW   u  the light
polarized perpen- *dicular to the pane of the drawing into o rays, as  wave
plate for green wavelengths of light. A wave indicut*eothe Pedots.
15   plate functions by retarding one component of a Te circularly polared
light,' having equal       light ray with respect to another component,
components    edintheplaneof the drawing          thereby changing the
polarization state of the and perpendicular to the plane of thedrawing, is
light ray. The retardation of a wave plate of thick- equally split
jntotee.and o rays. The light polar-  ness t is given by: ized linearly in
the plane of the drawing is trans-  20  2n mitted on the e ray while the
light polarized per-  A4D  -t(ne-no)                        (1) pendicular
to the plane of the drawing is trans- mitted on the o ray. Thus, the
circularly polarized  where: AO is the relative displacement between red
and blue components of the input light are    orthogonal components of the
light ray in radians, equally split into the e and o rays, but the linearly
25  i. Is the wavelength of the light, and (ne-no) is the polarized green
component is transmitted totally  birefringence of the material. on one or
the other of the e or o rays. As a result,  Although the birefringence is a
weak function the four rays emerging from the second birefrin-  of
wavelength iv, called the dispersion of the bire- gent element 20 are
colored.                      fringence. this effect is relatively small
for most The top ray labeled eo to indicate that it derives   30
materials and can be safely ignored in first order from the e ray out of
element 16 and the o ray out  calculations. The strong function of
wavelength of element 20 is colored magenta because of the   provided by
the ;. in the denominator of the right absence of green light. The bottom
ray labeled oe  hand side of equation (1) is what enables a wave is
similarly colored. The two center rays labeled oo  plate to function as a
full wave plate for green and and ee respectively are colored green due to
the   35   a quarter wave plate for red and blue. predominance of green
light in them.                Assuming that the wavelengths of blue. green
When the four rays are spaced apart equally as  and red light are iB =
.45pm, i-G = .55gm, and ,R shown in Fig. 2a, and the amount of red and blue
= .65pm respectively, and choosing a first order light in all four spots is
equal, the spatial cutoff  full wave plate for green wavelengths of light
frequency of the filter 14 will be twice as high for  40   (A(DG = 2n), the
effect of the wave plate on red green as for blue or red. Fig. 2b shows the
pattern  and blue can be calculated. of colored spots produced by the
filter in response  From equation (1 ), it is seen that to a spot of
unpolarized white light. The distances between the spots and the rela-
M4a  -._ A(DG = 1.22 x 2n              (2) tive intensity of the spots
determine the frequency   45  '-B responses of the filter 14. The distances
are con-  and trolled by the respective thicknesses of the ele-
. ments 16 and 20. The relative intensities are con-    _      A =    x(
trolled by the arrangement of the elements, and the thickness or
retardation of the wave plate. The   50  These values are very close to the
quarter wave 



frequency responses of the filter are selected in  effect desired for red
and blue. However, rather relation to the spacing of the colored filter
ele-  than obtaining circularly polarized light, eliptically ments on the
image sensor. The spatial frequency  polarized light is produced. The
relative spot in- responses are shown schematically in fig. 4. The
tensities can be calculated from the following line labeled 28 shows the
spatial frequency re-  55   equations: sponse of the filter to green
components of the input image. The green frequency response has a   ie =
leo = 1/2 (1-cos (AD) )           (4) first zero at a spatial frequency
equal to         D o l = lee = 1-loe                   (5) 2dG        60
Where dG is the distance between the green col-   where: l1, are the
relative intensities of the respec- ored spots. The line labeled 30
represents the spa-  tive spots formed by the rays. Note that the total
tial frequency response of the f ilter to red and blue  amount of energy in
the pattern is defined to be 2. components of the input image. When the red
For the wavelengths chosen above, these spot and blue light is equally
divided between the four  65  intensities are given in Table 1. 4    J #~
.1 . .                  ,.E.       E  0  X '2' '  system without the color
dependent spatial filter. Table , I ', .,;,, ,, , ,,, a,-,  ,., ,;tE    , .
,,i -  . ,,There was no noticeable loss of resolution in any color. '-   =
lee  a 'i ~i:.  1eo           In production quantities. the elements for
man- r -                    ;'t-S;'-''.;iri.5ufacturing the filter can be
produced inexpensive- 8 (.45pm);Vi  : -  0.59        ,41
ly. The filters are simply constructed by stacking G (C5  'm)       1,00
.   0:50'                 the elements in the proper orientation and secur-
R (.65pm)   0.79   -    0,21  ing them together with an index matching
optical cement. The resulting structure is rugged and 10  easily handled.
This cacua tion shows thKt afl tie green light is   In the example
described above, birefringent concentvated in the center spots, and the red
and    element 20 is twice as thick as element 16, yield- blue lht is
divided between the center and out-     ing equal separation between the
four output side spots. While this result is not exactly the ideal   15
rays. The relative spacing of the spots can be al- result (1.0 = l    .5)
for red and blue, the        tered by varying the relative thicknesses of
the bi- resulting filter using such a first order full wave  refringent
elements 16 and 20. For example. if plate for X = .55pm certainly has the
desired char-  element 20 is made the same thickness as element acteristics
of having a higher frequency response   16, as shown in fig. 5a, the
pattern of three spots for green than for either red or blue.         20
shown in fig. 5b is produced. As just described, Fig. 11 shows some plots
of spot intensity ver-   the red and blue intensity of the center spot sus
wavelength of light for the oo spot. The curve  would be twice that of the
side spots in the pat- labeled 66 is for a first order full wave plate in
tern shown in fig. 5b. The arrangement of the ele- green. As shown by curve
66 there is a gradual      ments can be modified so that the intensity of
the change in relative spot intensity throughout the   25   red and blue
light in the three spots is equal. as visible spectrum.
follows. When the dispersion of the birefringence is         The
intensities of the spots can be calculated taken into account for most
materials, this result is  from the equations. slightly changed. Further
balancing of the red and blue intensities in the spots is achieved by
varying   30    oo = lee = 1-2sin20 cos20 (1-cosA'IDRB)  (6) the wavelength
at which the wave plate is a full wave retarder, and accepting a negligible
amount    Ice = 1ec = 2cos20 sin2O (1-cosADRa)     (7) of green in the
outside spots. A color dependent spatial frequency filter of the  where: 0
is the angle between the fast axis (the type described above was
constructed for a solid   35   optic axis) of the wave plate and the
direction of state color image sensor having a color filter stripe
polarization of the e ray from the first birefringent pattern like that
shown in fig. 1, with the filter ele-  element 16 as shown in fig. 3. and
ments spaced on 1 2pm centers. The birefringent       AORB is the
retardation of the wave plate for red crystals 16 and 20 were quartz slabs
2.30 mm and    and blue wavelengths of light. 4.35 mm  thick respectively.
These thicknesses   40    Equations (6) and (7) are valid for any combi-
were what were on hand in the laboratory at the     nation of thicknesses
of birefringent elements 1 6 time the experiment was conducted, more
prefer-     and 20, that are oriented to produce a linear array ably
thicknesses of 2.0 mm and 4.0 mm would be      of output spots. Equations
(4) and (5) are simpli- used. The optic axes of the quartz slabs were
fications of these equations assuming that 0 = oriented about 45' to the
surface of the slabs as   45   45'. shown in fig. 2a. The wave plate was a
plastic        For the intensity of the red and blue light in the wave
plate of laminated cellulose acetate butyrate  center spot to be equal to
the intensity of the red 0,76 mm (.030 inches) thick having first order
full  and blue light in either of the outside spots, either 



wave retardation at .53pm. The wave plate mate-     0 or AQDRB, or both are
varied such that rial was purchased in a sheet from the Polaroid   50
Corporation under the product designation CAB       leo = Ioe= I  Xe lee
(8) Laminated Retarders. Alternatively, the wave plate can be manufactured
by any of the standard    for the red and blue components. From equations
methods of making a first order wave plate (see     (6) and (7), this will
be true if Chapter 10, page 10-112 of the Handbook of   55 Optics, McGraw
Hill (NY), 1978). The elements       sin2 28(1-cosAORs) =4/3
(9) were oriented as shown in figs. 2a and 3, and were clamped together in
a fixture and placed in the optical path of the image sensing system. The
An example solution is immediately found by resulting filter produced foUr
colored spots sepa-   60   holding 0 constant rated by approximately 1 3pm,
with 40prm overall spacing between the eo and oe spots. Images         0 =
450; A42RB = 27im  1.91 rad,       (10) produced by the image sensing
system were ob- served to have substantially less aliasing in all   where m
is an integer. Of course, other solutions three colors than images produced
by the same   65   can also be found from equation (9). In order to 5    '9
EP 0 181 872 B1                  10                  ( obtain jusingle spot
in green, the condition that    rays lie respectively beneath the oo and
rays &4G be .sSPG-V2*tm must also hold.                   and are not
shown. If the angle between the bire- Thus, by rotating or changing.te
retardation of   fringent elements is rotated to an angle other than the
w6v8.'late. thie intensity of colors of light in  a multiple of 900, a
parallelogram pattern is pro- the spots cabevrd This is true in general for
5    duced, and green light will be in all four spots. any of the
embodiifftnts-disalosed.herein. Be-        The frequency response of the
color dependent, cause of the symmetry of the elements, pairs of
spatial frequency filter according to the present spots will have equal
intensity.                    invention can be further refined by adding
more Up to this point, the wave plate 18 has been      wave plates and
birefringent elements. Fig. 7a described as a first order full wave plate
for green.   10   shows an example of a two dimensional color de- HighWr
order full wave plates may also be em-       pendent, spatial frequency
filter for producing the ployed in the practice of the invention. As the
pattern of colored spots shown in fig. 7b in res- order of the wave plate
for green is increased      ponse to a ray of unpolarized white light W.
The however, the change in relative intensity versus    spatial filter
comprises three birefringent elements wavelength for the spots increases.
As noted   15   50, 52 and 54, and two wave plates 56 and 58 above, the
curve labeled 86 in fig. 11 shows the    sandwiched between the
birefringent elements as change in relative intensity of the oo spot versus
shown. The first birefringent element 50 splits an wavelength for a spatial
filter having a first order  unpolarized ray of white light into an o ray
and an (AOG = 27t) full wave plate in green 18. The curve  e ray. In the
view shown in fig. 7a, the first bire- labeled 68 shows the change in
relative intensity   20   fringent element 50 is oriented so that the e ray
for a second order full wave plate in green (A(DG   lies directly beneath
the o ray, and is not visible in = 4n). The curve labeled 70 shows the
change in     the figure. Wave plate 56 is a first order quarter relative
intensity for a third order full wave plate in  wave plate in all colors.
For this purpose. a first green (ADG = 6x). Comparing the curves 66, 68
order quarter wave plate at the green wavelength and 70. it is seen that as
the order of the wave   25   ;G = .55pm  will suffice. since equation  (1)
plate increases, the relative intensities of light in  shows that the
difference in retardation between the oo spot becomes a stronger function
of wave-    the  red, green  and  blue  wavelengths  at length. At orders
above three, the function under-  AcDG = C/2 is so small that it can be
neglected. goes oscillations in the visible wavelengths. This  The quarter
wave plate 56 changes the polariza- phenomenon is just starting to become
evident in  30   tion state of all the colors in both the e and o rays the
blue wavelengths for the third order wave       to circular polarization as
indicated by the circular plate evidenced by the inflection in the curve
la-  arrow labeled R, G, B. beled 70 near .46pm. To avoid such
oscillations,      Birefringent element 52 splits each circularly the order
of the wave plate should be less than     polarized ray into an e ray and
an o ray polarized four.                                          35
perpendicular to each other as indicated by the In the examples described
thusfar, the rays pro-  dot and arrow in fig. 7a. Only the oe and oo rays
duced by the color dependent spatial frequency      are shown in fig. 7a,
the ee and eo rays lying di- filters have been arranged along a line. If
one of  rectly beneath the oe and oo rays respectively. the birefringent
elements 16. 20 is rotated 90' with  Wave plate 58 is a full wave plate in
green and a respect to the other, the spots will be arranged in  40
quarter wave plate in red and blue as described a rectangular pattern as
shown in fig. 6b. If the bi-  above, and changes the polarization state of
the refringent elements 16 and 20 are of the same       red and blue
components of light to circular po- thickness. as shown in fig. 6a, the
pattern will be  larization, without affecting the polarization state 



square. With this arrangement, the spatial fre-     of the green light.
Birefringent element 54 splits quency response of the filter can be
tailored to be   45   each of the four rays into an e ray and an o ray. All
different for different colors in different directions.  the green light is
shifted into the four inside spots This type of spatial filter is useful
for example with  ooo, oee. eoo. and eee. The red and blue light is an
image sensor having different sampling fre-      equally shared in the
eight spots shown in fig. 7b. quencies in two orthoganal directions along
the       Fig. 8 is a schematic diagram showing the fre- sensor. If this
filter is rotated so that the oe and eo   50   quency response of the
filter shown in fig. 7a to spots lie on a horizontal line, a diamond shaped
the different colors of light in the different direc- pattern is produced.
Green is blurred in the hori-  tions. The line labeled 60 shows that the
fre- zontal direction only, and red and blue are blurred  quency response
of the spatial filter has a first zero in both the horizontal and vertical
directions. It is  in the x direction for green colors of light at a spa-
noted that with the birefringent elements rotated   55   tial frequency of
1/2d^,G. The line labeled 62 90' with respect to each other, at the second
bire-  shows that the frequency response of the spatial fringent element
20, the o ray from the first bire-  frequency filter has a first zero for
all colors of fringent element 16 becomes an e ray; and the e     light in
the y direction at a spatial frequency of ray from the first element
becomes an o ray with    1 /2d,(RGB). The line labeled 64 shows that the
respect to the second birefringent element. As   60   frequency response of
the spatial frequency filter shown in fig. 6a, only the o ray from the
first bire-  has a first zero for red and blue color of light in the
fringent element 16 is shown. The e ray lies di-    x direction at a
spatial frequency corresponding to rectly beneath the o ray and is not
shown. Sim-     1 /d.(G) + d,(RB). ilarly, only the 0o and oe rays emerging
from bi-     As noted previously, higher order wave plates refringent
element 20 are shown. The eo and ee   65   for green are useful in the
present invention. Fig. 6    t.t   A       X    EP 0 181 872 B1
12 S~~op~tical~spatial fre-            plate for green and a quarter wave
plate for red or'b *derW full wave plate     and blue. For green, the wave
plate 74 rotates the .9a 0H st;f3he red            plane of polarization by
90' so that the o-ray from thI_ o  - nowS-o9tswith        the first
birefringent element 76 becomes an e-ray [- '> theyI; beror~erK*~*p~s  +  e
n (1),   5    in the second element 78 and vice versa. For red t ft is seen
thyt *hentheg saiv~te is *second         and blue light, the wave plate 74
turns the input [,   order, full W9ve plate forg  r'ren 'k4~=- ; it is
linear polarization  into circular polarizations. ve. -  wry heady
a~one-twXHwav. Yr bue'(t'4a =        causing four output spots to be
produced by the 4.S) and. between k one-haf. wave! plte and a
second birefringent element 78. quaw  Vplate: P    iM fed (R = 3.38x. When
10         The output pattern produced by this filter l*i,,,       . V-we
iaWitd gr, rwverpiiefim.green     (shown in fig. 1 2b), is the same as that
produced = ,). it is almst uear a one-half wave          by the filter
shown in fig. 2a. In this embodiment. 'Late for ied (A03  5.07x) and not as
nearly a        however, the second birefringent element has - '.one-half
wave plates fr   e (& B = 7.31). When     been rotated by 180' from the
earlier situation , .be wave Olat is nearly one-half wave plte in   15
(note position of optic axis 80). The center two red and blue, and ciintad
at 0  45', the polar-       spots in the pattern are formed by the oe and
eo ization of the red  n  Vue light is totated by        rays as opposed to
the oo and ee rays in fig 2b. about 90from the ptariton of the green light,
For equal intensity red and blue spots, the spatial as shown by the arrows
and -dots on the rays          frequency response of this filter is the
same as that emerging from the wave plate 18. in fig. 9a. As a   20   shown
in fig. 4. result, the red and blue light is nearly totally sep-
Equations (6) and (7) are valid for calculating .    -       arated from
the green light in the second birefrin-   the spot intensities for a linear
array of spots pro- .             gent element 20.
duced by this filter. Useful values of the retarda- Table 2 below shows the
relative spot intensi-     tion of green include A(DG = 7t, 37i and 5ir.
Table 3 ties when A4(G is 4.: and 6it.                  25   below shows
the relative spot intensities for these values of A4)G. Table 2 _ _ _ _ _ _
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  T able    3
A4)G=4ir         A4)G=67t         30 __________________________
i.         AMG 7r       4G=3T      A(DG -57r .
~~~~~~~~loo loe  lo c loe B (.45pm)    0,03 0,97        0.25 0,75
loo  loe    loo  loe    loo  loe G (.55pm)    1,00 0.00        1.00 0,00
B (.45pm) 0.12 0.88   0,75 0,25   0,97 0,03 R (.65iim)    0,32 0,68
0.01 0.99         35    G (.55gm) 0,00 1,00   0,00 1,00   0,00 1,00
*._________________________________                   R  (.65pm)   0,06
0,94  0,44   0.56  0.87   0,13 Fig. 9b shows the spot pattern produced by
the color dependent spatial frequency filter shown in       The variation
of the intensity of the center two fig. 9a. Fig. 10 is a schematic diagram
showing   40   spots Ioe with wavelength is shown in fig. 13, 



the frequency response of the filter of fig. 9a to    where curve 82 is for
ADG = it. curve 84 for AcOG different colors. The line labeled 72 shows
that    =  3i and curve 86 for AIG = 5n. -_       the frequency response to
green components of            It is interesting to note in comparing fig.
13 to the image has a first zero at a spatial frequency of  fig. 11, (the
center spot intensity for the full wave 1 /2dG. where dG is shown in fig.
9b as the dis-   45    plate examples) that curve 82 lies above curve 66, 4
tance between the two center spots. The line la-       curve 84 lies
between curves 66 and 68, and beled 74 in fig. 10 shows that the frequency
re-      curve 86 is located between curves 68 and 70. sponse to red and
blue components of the image        The six curves presented in figs. 11
and 13 show has a first zero at 1/2dRB, where dRB is shown in    the first
six solutions for producing only two fig. 9b as the distance between the
two outside   50   green spots while having significant red and blue spots.
light in the third and fourth spots. As the retar- In the embodiments and
examples discussed so        dation is increased, more red and blue light
ap- far, the wave plate placed between the birefrin-      pears in the
outer spots of the pattern. gent elements has been described as a
first-order       As with the filters employing full wave plates, or
multiple-order full wave plate for green.   55   various one- and
two-dimensional patterns can Another class of solution to the problem of
pro-      be produced with a filter containing a half-wave .ducing a color
dependent spatial frequency filter    plate. If the angle between the two
birefringent r             makes use of a half wave plate in green. In this
crystalsissomethingotherthanamultipleof9O',a case. the retardation in green
A4)G = 27im  x,       parallelogram pattern is produced. However, in where
m is an integer.                         60   the case with a half wave
plate, it is possible to Fig. 1 2a shows an exploded top view of a color
orientate the retarder so that green light appears dependent spatial
frequency filter which uses a       in only two of the four spots, since a
half-wave half wave plate in green. The wave plate 74 is        plate
oriented at 0, rotates the plane of polariza- oriented at 0 = 45' between
the birefringent ele-    tion of the light by 20. Orientation of the
retarder ments 76 and 78. The wave plate 74 is a half wave   65   at an
angle other than 45' will also change the 7    r AL  i  ;@0   X   *:- 0
EP 0 181 872 B1                   14 t~Oul otaf eds and liiae lght ip the
four spots.     nents and of the type having at least one pair of Pai~t1rr1
'is .it~t Srvore than hour spots can also be  birefringent elements and
means, located be-of produc~d by gibding mof wake plates and bire-
tween the birefringent elements, for changing the   i ,ringenitaelements.
:    . -:polarization state of light of said at least two In additioneto
the means disnussed for provid-    5    spectral components, characterized
in that the ing a change in polarization state, narely wave      thickness
of said means is such that the variation plates constructed from doubly
refracting crystals    of optical length, introduced by said means. be- or
man-made, oriented plastic materials, several     tween said first spectral
component and said at k other means w-il produe  the same or similar ef-
least second spectral component. approximates k fcts. Other materials, such
as liquid crystals. ex-   10    /4, where k is an odd integer.           l
hibit bOrthfri gfelce and could be used as the wave     2. An optical
spatial filter as defined in claim 1. pate between the two crystals.
Another optical        wherein said first spectral component is green.
ffect caled optical activrty, can also provide a       3. An optical
spatial frequency filter as defined utable meanswfor changing the
polarization state    in claim 2, wherein said at least second spectral
between the crystals. As linearly polarized light   r5 component comprises
a blue component and a propagates through an optically active material,
red component. its plane of polarization is rotated. The total rota-  4. An
optical spatial frequency filter as defined its plane of polarization is
.otat                  in any of claims 1 to 3 wherein thebirefrngent
element axes are othogonal to each other.    -o tion is
a itra  eie  na 20     5. Use of the optical filter as defined in any of
niLsnR)                         0             claims 1 to 4 with a color
image sensor having a where no and nR are the indices of refraction for
first sampling frequency for a first spectral corm left and right handed
circularly polarized light and  ponent and a second sampling frequency for
a t is the thickness of material. The 1 . dependence   second spectral
component. of the rotation will, as with the wave plates,   25      e n
c change the polarization state of light differently    Patentacspruche
1 for different colors, and can be used to produce a      1. Optisches
Raumfrequenzfilter. das zum Fil- color dependent spatial filter. The
situation that is  tern eines Lichtstrahls mit mindestens zwei spek-
analogous to the full wave plate for green light     tralen Komponenten
dient und mindestens zwel would have a piece of optically active material
3    doppelbrechende Elemente sowie zwischen die- whose thickness is
appropriate for rotating the      sen doppelbrechenden Elementen
angeordnete plane of polarization of green light by 1 80', and    Mittel
aufweist, mit denen der Polarisationszu- that of red and blue light by 180
= 45g. Two com-     stand des Lichts dieser mindestens zwei spektra- mon
optically active materials are crystalline       len Komponenten verandert
werden kann. da- 



quartz (for light propagating along its optic axis)   35   durch
gekennzeichnet, dass die Dicke der Mittel and cholesteric liquid crystals.
so gewahlt ist, dass die durch die Mittel bewirkte Other materials useful
for changing the polar-     Variation des Lichtweg5 zwischen der ersten
ization state are electrically activated materials   spektralen Komponente
und mindestens zweiten such as liquid crystals and electro-optiC materials
spektralen Komponente sich k ;./4 nahert. worin k that exhibit
birefringence and. or optical activity   :0   eine ungerade ganze Zahl
darstellt. under the influence of an applied field. Electro-      2.
Optisches Raumfrequenzfilter nach  An- optic materials include KDP
(potassium dihydro-      spruch 1, dadurch gekennzeichnet, dass die erste
gen phosphate) and PLZT (lead zirconate tita-        spektrale Komponente
Grun ist. nate). With such materials, the spatial frequency      3.
Optisches Raumfrequenzfilter nach  An- response of the color dependent
spatial frequency   4    spruch 2, dadurch gekennzeichnet. dass die mm-
filter can be changed by changing the voltage        destens zweite
spektrale Komponente eine blaue across the electro- optic material.
und eine rote Komponente umfasst. A color dependent optical spatial
frequency fil-     4. Optisches Raumfrequenzfilter nach einem ter has been
described. The spatial frequency filter  der Anspruche I bis 3. dadurch
gekennzeichnet. is particularly useful for limiting input spatial fre-   50
dass die Achsen der doppelbrechenden Elemente quencies to color image
sensors having different     senkrecht aufeinanderstehen. sampling
frequencies in different colors to reduce     5. Verwendung eines optischen
Filters gemass aliasing in one color without reducing resolution    einem
der Anspruche 1 bis 4 bei einem Farbbild- in another color. The color
dependent spatial fre-   sensor, der eine erste Abtastfrequenz fur eine er-
quency filter has the further advantages of being   5    ste spektrale
Komponente und eine zweite Ab- inexpensive and easy to manufacture. The
filter is   tastfrequenz fur eine zweite spektrale Kompo- useful for
example to improve the performance of     nente aufweist. image sensing
apparatus such as television came- ras, electronic still and movie cameras,
or film vi-   Revendications deo players having color image sensors with
dif-  60   1. Filtre optique de frequences spatiales pour ferentsampling
frequenciesfor different colors.      filtrer un pinceau lumineux
presentant au momns deux composantes spectrales et du type ayant au Claims
moins une paire d'elements birbiringents et des 1. An optical spatial
frequency filter for filtering  moyens, situes entre lesdits elements
birefrin- a light beam having at least two spectral compo-   6    gents.
pour modifier letat de polarisation de la lu- 8    -, -       / -      A;
t         EP 0 181 872 B1                  14 U.o~fi   a~ ted 'end Wiu:
light t -thiefour spots.  nents and of the type having at least one pair of
Paterns j~iij*re th~nfour spots tan also be          birefringent elements
and means, located be- produced biadding pore~ wave plaeIs and bire-
tween the birefringent elements, for changing the' fringentelements.      .
,                       polarization state of light of said at least two In
addition to the means disiisset for provid-   5    spectral components,
characterized in that the ing a change in polarization state, namely wave
thickness of said means is such that the variation plates constructed from
doubly refracting crystals   of optical length, introduced by said means.
be- Or man-made, oriented plastic materials. several     tween said first
spectral component and said at - other means will produce the same or
similar ef-     least second spectral component, approximates k fects.
Other maerials, such as liquid crystals, ex-   10   X/4, where k is an odd
integer. ibikt birefringence and could be used as the wave      2. An
optical spatial filter as defined in claim I. Plate between the two
crystals. Another optical      wherein said first spectral component is
green. 'ffect called optical activity, can also provide a     3. An optical
spatial frequency filter as defined suitable means for changing the
polarization state   in claim 2, wherein said at least second spectral
between the crystals. As linearly polarized light   15   component
comprises a blue component and a propagates through an optically active
material,     red component. its plane of polarization is rotated. The
total rota-  4. An optical spatial frequency filter as defined tion is
in any of claims I to 3 wherein the birefringent Xtt
element axes are othogonal to each other. D =    (nL-nR)
(11)   20      5. Use of the optical filter as defined in any of A
claims 1 to 4 with a color image sensor having a where nL and nR are the
indices of refraction for    first sampling frequency for a first spectral
com- left and right handed circularly polarized light and  ponent and a
second sampling frequency for a t is the thickness of material. The 1 .!'.
dependence  second spectral component. of the rotation will, as with the
wave plates   -5 change the polarization state of light differently
Patentanspruche for different colors. and can be used to produce a     1.
Optisches Raumfrequenzfilter. das zum Fil- color dependent spatial filter.
The situation that is  tern eines Lichtstrahls mit mindestens zwei spek-
analogous to the full wave plate for green light     tralen Komponenten
dient und mindestens zwei 



would have a piece of optically active material   30   doppelbrechende
Elemente sowie zwischen die- whose thickness is appropriate for rotating
the      sen doppelbrechenden Elementen angeordnete plane of polarization
of green light by 180'. and    Mittel aufweist, mit denen der
Polarisationszu- that of red and blue light by 180 = 45-. Two corm-   stand
des Lichts dieser mindestens zwei spektra- mon optically active materials
are crystalline      len Komponenten verandert werden kann. da- quartz (for
light propagating along its optic axis)   3^   durch gekennzeichnet, dass
die Dicke der Mittel and cholesteric liquid crystals.
so gewahlt ist. dass die durch die Mittel bewirkte Other materials useful
for changing the polar-     Variation des Lichtwegs zwischen der ersten
ization state are electrically activated materials   spektralen Komponente
und mindestens zweiten such as liquid crystals and electro-optic materials
spektralen Komponente sich k )./4 nahert. worin k that exhibit
birefringence and or optcal activity   -t   eine ungerade ganze ZahI
darstellt. under the influence of ar applied fieid Electro-       2.
Optisches Raumfrequenzfilter nach An- optic materials include KDP
(potassium dihydro-      spruch 1. dadurch gekennzeichnet. dass die erste
gen phosphate) and PLZT (lead zirconate tita-        spektrale Komponente
Grun ist. nate). With such materials. the spatial frequency      3.
Optisches Raumfrequenzfilter nach An- response of the color dependent
spatial frequency   45   spruch 2. dadurch gekennzeichnet. dass die min-
filter can be changed by changing the voltage        destens zweite
spektrale Komponente eine blaue across the electro-optic material.
und eine rote Komponente umfasst. A color dependent optical spatial
frequency fil-     4. Optisches Raumfrequenzfilter nach einem ter has been
described. The spatial frequency filter  der Anspruche 1 bis 3, dadurch
gekennzeichnet. is particularly useful for limiting input spatial fre-  5&
dass die Achsen der doppelbrechenden Elemente quencies to color image
sensors having different     senkrecht aufeinanderstehen. sampling
frequencies in d&fierent colors to reduce     5. Verwendung eines optischen
Filters gemass aliasing in one color witnout reducing resolution    einem
der Anspruche 1 bis 4 bei einem Farbbild- in another color. The color
dependert spatial fre-  sensor. der eine erste Abtastfrequenz fur eine er-
quency filter has the furiner advantages of being   5'   ste spektrale
Komponente und eine zweite Ab- inexpensive and easy to manufacture. The
filter is  tastfrequenz fur eine zweite spektrale Kompo- useful for example
to imorove the performance of     nente aufweist. image sensing apparatus
such as television came- ras, electronic still and movie cameras. or film
vi-  Revendications deo players having color image sensors with dif-   6
1. Filtre optique de frequences spatiales pour ferent sampling frequencies
for different colors.   filtrer un pinceau lumineux presentant au moins
deux composantes spectrales et du type ayant au Claims
moins une paire d'6lements birefringents et des 1. An optical spatial
frequency fiter for filtering  moyens. situes entre lesdits elements
birfrin- a light beam having at least two scectral compo-  6O   gents, pour
modifier letat de polarisation de la lu- 8 I 1I111 11111H11 11111 11 1111 *
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mi(4 f'd'au moi'ns. lesdites deux composantes      comprend une composante
bleue et une compo- spectrales, filtre carscterise: en ce que 1'6paisseur
sante rouge. desdits mnoyens estelle que la variation du trajet   4. Filtre
selon 'une quelconque des revendica- optique, introduit par lesdits:moyens;
entre ladite  tions 1 a 3. dans lequel les axes des elements bir- premiere
composante spectrale et~au moiris ladite   5   fringents sont othogonaux
entre eux. seconde composante spectrale. est voisine de k       5.
Utilisation d'un filtre selon l'une quelconque ;./14. dans laquelle k est
un nombre entier impair.  des revendications 1 a 4 clans un capteur d'image
2. Filtre selon la revendication 1, dans lequel la-  en couleur presentant
une premiere frequence dite premiere composante spectrale est verte.
d'echantillonnage pour une premiere composante 3. Filtre selon la
revendication 2, dans lequel la-  '0  spectrale et une seconde frequence
d'6chantillon- dite au moins seconde composante spectrale         nage pour
une seconde composante spectrale. `    


