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(54) Optical encoder

(57) A miniaturized optical encoder capable of ob-
taining a sufficient amount of light in the light receiving
element is provided. An optical encoder 1 includes a
scale 2 having a scale track 2’ and a readhead 3 having
a light source 31 that emits light to the scale track 2’, a
scale-side lens 32 that transmits the light emitted from
the light source 31 to the scale track 2’, and a light re-
ceiving element 33 that receives the light reflected by the
scale track 2’ through the scale-side lens 32. The light
source 31 is arranged between the scale-side lens 32
and the light receiving element 33. An optical axis Lsrc
of the light source 31 is matched with an optical axis Ls
of the scale-side lens 32 in a reading direction of the scale
2 and is separated from an optical axis Ls of the scale-
side lens 32 by a predetermined distance D in a direction
perpendicular to the reading direction of the scale 2.
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Description

[0001] The present invention relates to an optical encoders and, more particularly to a lens design and arrangement
suitable for use in a compact "off axis" readhead of an optical encoder wherein a principal illumination ray is offset from
the lens axis in a direction perpendicular to the reading direction of the encoder.
[0002] In the related art, there is known an optical encoder including a scale having latticed or striped scale markings
and a readhead. A rcadhead has a light source that emits light to the scale and a light receiving element that receives
the light reflected by the scale, so that the position of the readhead with respect to the scale is measured based on the
light received by the light receiving elements. Some sample optical encoders are disclosed in Japanese Patent Application
Publication Nos. 2003-307440 ("Patent Document 1") and 2006-284564 ("Patent Document 2").
[0003] The optical encoder disclosed in Patent Document I includes scale markings (a scale) and a reflection type
optical reader (a readhead) having a light-emitting diode (a light source), an object lens, and a light receiving unit (a light
receiving element). In addition, the reflection type optical reader has a half-mirror arranged between the light-emitting
diode and the object lens so that an optical path of the light emitted from the light-emitting diode and directed toward
the scale markings through the object lens is separated from an optical path of the light reflected by the scale markings
and directed toward the light receiving unit through the object lens.
[0004] However, in the optical encoder disclosed in Patent Document 1, as the light receiving unit receives the light
through the half-mirror, there may be a problem that a sufficient amount of light cannot be obtained. In addition, if the
amount of the light emitted from the light-emitting diode increases in order to obtain a sufficient amount of light, power
consumption of the light-emitting diode increases, and further, lifetime of the light-emitting diode decreases.
[0005] On the other hand, the photoelectric encoder (optical encoder) disclosed in Patent Document 2 includes a
scale, a light source, a lens, and a light receiving element. In the photoelectric encoder, an optical path of the light emitted
from the light source and directed toward the scale is separated from an optical path of the light reflected by the scale
and directed toward the light receiving element through the lens, and a sufficient amount of light is obtained by the light
receiving element by arranging the scale, the lens, and the light receiving element in a Scheimpflug relationship.
[0006] However, in the photoelectric encoder disclosed in Patent Document 2, the scale and the light receiving element
cannot be arranged in parallel. Therefore, there is a problem in that the photoelectric encoder becomes large in size.
[0007] In addition, in the photoelectric encoder disclosed in the fifth embodiment of Patent Document 2, the scale and
the light receiving element are arranged in parallel by arranging four lenses between the scale and the light receiving
element. However, in this photoelectric encoder, since four lenses are arranged between the scale and the light receiving
element, there is a problem in that the photoelectric encoder becomes large in size.
[0008] The present invention provides a miniaturized optical encoder capable of obtaining a sufficient amount of light
in the light receiving element and a clear and undistorted image of a scale track, in order to provide high resolution
measurement.
[0009] An optical encoder according to the present invention includes a scale including one or more scale tracks that
extend along a reading (i.e., measuring) direction of the scale. The scale track comprises a pattern of markings, and
various marking patterns are known in the art. A scale track may include, for example, a pattern of latticed or striped
scale markings, or an absolute position code, or the like. The optical encoder may also include a readhead, which has
a light source that emits light to the scale track. The readhead includes a light receiving element that is arranged in
parallel with the scale and receives the light reflected by the scale track, so that the position of the readhead with respect
to the scale is measured based on the light received by the light receiving element, wherein the readhead has a scale-
side lens that transmits the light emitted from the light source to the scale track and transmits the light reflected by the
scale track as scale track image light to the light receiving element. The light source is arranged at, or defines, a light
source plane located between a plane of the scale-side lens and a plane of the light receiving element. The center of
the light sources is separated from an optical axis of the scale-side lens by an illumination off-axis distance Dsrc in a
direction perpendicular to a reading (i.e., measuring) direction of the scale track.
[0010] In this configuration, since the optical axis of the light source is separated from the optical axis of the scale-
side lens by a predetermined distance in the direction perpendicular to a reading direction of the scale track (hereinafter,
referred to as a direction perpendicular to the scale track), the illumination light emitted from the light source is transmitted
to the scale track through a first portion of the scale-side lens, and this light is reflected by the scale track as the scale
track image light and received by the light receiving element through a second portion of the scale-side lens opposite
to the first portion about the lens axis in a direction perpendicular to the scale track, Therefore, according to the present
invention, it is possible to separate the optical path of the light emitted from the light source and directed toward the
scale track from the optical path of the light reflected by the scale and directed toward the light receiving element, through
the scale-side lens, without using a half-mirror. Therefore, it is possible to obtain a sufficient amount of light in the light
receiving element.
[0011] In addition, the scale and the light receiving element are arranged in parallel, and a single scale-side lens is
arranged between the scale and the light receiving element. Since the light source is arranged between the scale-side
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lens and the light receiving element, it is possible to miniaturize the optical encoder.
[0012] In various embodiments of the present invention, the light source, the scale-side lens, the scale, and the light
receiving element are configured and arranged to provide an object (scale) side telecentric optical system in a reading
direction of the scale track, to thereby increase the focal depth of the readhead. Accordingly, it is possible to increase
an allowable interval, or the "gap tolerance," between the scale and the readhead.
[0013] In some embodiments of the present invention, it is preferable that the readhead has an aperture that is located
at, or defines, an aperture plane between the plane of the scale-side lens and the plane of the light receiving element,
for transmitting the light that has been reflected by the scale as the scale track image light and passed through the
second portion of the scale-side lens toward the light receiving element, A center of the aperture is separated from an
optical axis of the scale-side lens by an aperture off-axis distance Dap1 in a direction perpendicular to the reading
direction of the scale track, so as to define a first lens off-axis imaging path for the scale track imaging light that reaches
the light receiving element. The aperture and the light source are located on opposite sides of a plane that includes both
the optical axis of the scale-side lens and the reading direction.
[0014] Here, if the optical encoder according to the present invention is configured in reliance solely on the width or
the position of the light source, there is a problem that performance of the optical system of the optical encoder may
vary due to influence from positional deviation of the light source.
[0015] According to the above described embodiment of the present invention, since the optical encoder has an
aperture for transmitting the light that has been reflected by the scale and passed through the second portion of the
scale-side lens, it is possible to achieve an object (scale) side telecentric optical system by designing the width or position
of the aperture, in addition to by designing the width or position of the light source. Since designing or positioning the
aperture is relatively easier than designing or positioning the light source, it becomes easier to suppress variance in the
performance of the optical system of the optical encoder.
[0016] According to yet another embodiment of the present invention, the optical encoder further includes a light
receiving element-side lens located at a second lens plane located between the aperture plane and the plane of the light
receiving element. The light receiving element-side lens is arranged to receive the scale track image light transmitted
through the second portion of the scale-side lens and the aperture, so as to image the received scale track image light
onto the light receiving element. The light receiving element-side lens is configured similarly to the scale-side lens and
is oriented such that similarly shaped surfaces of the two lenses face in opposite directions along their respective optical
axis direction. Further, the optical axis of the light receiving element-side lens is separated from the center of the aperture,
in the opposite direction from the optical axis of the scale-side lens, by an aperture off-axis distance Dap2 in a direction
perpendicular to the reading direction of the scale track. Thus, the aperture is positioned to transmit the scale track
image light, which has been reflected by the scale track and passed through the second portion of the scale-side lens,
toward a first portion of the light receiving element-side lens that has a similar shape as the second portion of the scale-
side lens and toward the light receiving element.
[0017] In various embodiments, the optical encoder may be referred to as using an "off axis" imaging arrangement,
in that a light source and an aperture are separated from the optical axis of the scale-side lens in a direction perpendicular
to the reading direction of the scale track such that a central ray of the light is provided to the scale track along an optical
path that is "off axis" relative to the optical axis of the scale-side lens, and in particular such that a central ray of the
scale track imaging light that has been reflected back from the scale track to provide a scale track image on the light
receiving element similarly follows an optical path that is "off axis" relative to the optical axis of the scale-side lens in a
direction perpendicular to the reading direction of the scale track (on an opposite side of the optical axis of the lens
relative to the light source). Further, in some embodiments, the optical encoder may be referred to as using a "double
off axis" imaging arrangement, in that after following the off axis optical path outlined above through the scale-side lens,
the path of the central ray of the scale track imaging light is also offset from the optical axis of the light receiving element-
side lens along a direction perpendicular to the reading direction of the scale track. The "off axis" design is advantageous
in achieving a compact optical encoder and may be approximately a telecentric design in particularly advantageous
embodiments, and the "double off axis" design is particularly advantageous in reducing or eliminating optical distortion
in the scale track image on the light receiving element and may be approximately a doubly telecentric design in particularly
advantageous embodiments.
[0018] Specifically, since both of the optical axes of the scale-side lens and the light receiving element-side lens, which
are facing opposite directions, are separated by the aperture off-axis distances of Dap1 and Dap2, respectively, on both
sides from the optical axis of the aperture (which may be understood to be a central axis of the aperture along a direction
normal to the scale track) as outlined above, the light passing through the aperture passes through portions of the lenses
which having the same shape but are reversed relative to one another both along and about the optical path. As a result,
the "double off axis" optical encoder can be used to reduce or cancel the influence of the individual lens aberrations on
the scale track image at the light receiving element (e.g., the lens aberrations, coma, and distortion along the optical
path cancel one another), and therefore provide accurate measurement.
[0019] In some embodiments, an aperture is located between a first focal plane of the scale-side lens and a second
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focal plane of the light receiving element-side lens. In some embodiments, a light source plane of the light source is
offset along the optical axis direction of the lenses from an aperture plane of the aperture. In particular, the light source
is not imaged at the aperture, which facilitates the light reflected by the scale track and passing through the aperture to
have substantially uniform intensity.
[0020] In various embodiments, the scale-side lens and the light receiving element-side lens each has an aspheric
surface configured to further reduce or eliminate optical aberrations in an off-axis imaging arrangement.
[0021] In some embodiments, the readhead has two light sources, two scale-side lenses, and two apertures, and
within the YZ plane perpendicular to the X reading direction of the scale track the optical axes of each light source, each
scale-side lens, and each aperture are symmetrical to one another with respect to the Z optical axis direction of the light
receiving element-side lens.
[0022] In this configuration, the light beams (that is, the scale track image light) reflected by two scale tracks each
comprising scale track markings can be received by a single light receiving element or light receiving elements arranged
in a most compact space. Therefore, for example, the optical encoder can be configured such that one track of scale
track markings is used for detecting a movement amount of the scale and the readhead and another track of scale track
markings is used for detecting the origins of the scale and the readhead, and light from both of these two tracks of scale
track markings can be received by the single light receiving element. As a result, it is possible to reduce the number or
size of components in comparison with the case where the optical encoder is configured to receive the light beams with
two light receiving elements.
[0023] However, in some cases it may be inconvenient or impractical to receive the light beams from two scale tracks
using a single light receiving element. For example, in some cases changes in an operating gap relative to the scale
track may cause optical cross-talk or conflicting image displacements between the light beams from the two scale tracks.
Therefore, in some embodiments the readhead has two sets of a light source, a scale-side lens, an aperture, a light
receiving element-side lens, and a light receiving element (e.g., one set providing incremental encoder signals for fine
measurement resolution and the other set providing absolute encoder signals for absolute position determination over
the measuring range of the encoder). The two sets are configured substantially the same (e.g., corresponding portions
of their optical paths may be approximately parallel to one another in the YZ plane) and are arranged adjacent to each
other along the direction perpendicular to the reading direction of the scale tracks. As a result, this embodiment may be
more practical to build and/or operate more robustly with respect to gap variations, in some applications.
[0024] In one embodiment of the present invention, the light source may include a light-emitting body that emits light
and a diffusion plate that is arranged in a later stage of an optical path of the light emitted from the light-emitting body
and diffuses the light emitted from the light-emitting body. In this configuration, since the width of the light source can
be substituted with the width of the diffusion plate, it is possible to more easily design the optical encoder.
[0025] In one embodiment of the present invention, the light source may include a light-emitting body that emits light
and a light-emitting body lens arranged in a later stage of an optical path of the light emitted from the light-emitting body,
and the scale-side lens and the light-emitting body lens constitute a Kohler illumination. In this configuration, since it is
possible to reduce unevenness of the light emitted from the light source and directed toward the scale through the scale-
side lens, it is possible to enhance accurate measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

Fig. 1 is a schematic diagram illustrating an optical encoder according to the first embodiment of the present invention
as seen along the X reading direction of a scale.
Fig. 2 is a schematic diagram illustrating the optical encoder of Fig. 1 as seen along the Y direction perpendicular
to the X reading direction of the scale.
Fig. 3 is a schematic diagram illustrating the optical encoder according to a second embodiment of the present
invention as seen along the X reading direction of a scale.
Fig. 4 is a schematic diagram illustrating the optical encoder of Fig. 3 as seen along the Y direction perpendicular
to the X reading direction of the scale.
Fig. 5 is a schematic diagram illustrating the optical encoder according to a third embodiment of the present invention
as seen along the X reading direction of a scale.
Fig. 6 is a schematic diagram illustrating the optical encoder of Fig. 5 as seen along the Y direction perpendicular
to the X reading direction of the scale.
Fig. 7 is a schematic diagram illustrating the optical encoder according to a fourth embodiment of the present
invention as seen along the X reading direction of a scale.
Fig. 8 is a schematic diagram illustrating the optical encoder according to a fifth embodiment of the present invention
as seen along the X reading direction of a scale.
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Fig. 9 is a schematic diagram illustrating a light source of the optical encoder according to a sixth embodiment of
the present invention.
Fig. 10 is a schematic diagram illustrating a light source of the optical encoder according to a seventh embodiment
of the present invention.
Fig. 11 is a schematic diagram illustrating the optical encoder according to a further embodiment of the present
invention as seen along the X reading direction of a scale.
Fig. 12 is a schematic diagram illustrating the optical encoder of Fig. 11 as seen along the Y direction perpendicular
to the X reading direction of the scale.
Fig. 13 is a schematic perspective view of the optical encoder of Fig. 11.
Fig. 14 is a schematic diagram illustrating the optical encoder of another embodiment of the present invention as
seen along the X reading direction of a scale.

DETAILED DESCRIPTION

First Embodiment

[0027] Hereinafter, a first embodiment of the present invention will be described with reference to the accompanying
drawings.
[0028] Fig. 1 is a schematic diagram illustrating an optical encoder 1 according to a first embodiment of the present
invention. In Fig. 1, the X axis denotes an axis normal to a paper plane and more generally in other figures an axis along
a reading or measuring direction of a scale track 2’ an a scale 2. The Y axis denotes an axis extending in a horizontal
direction and more generally in other figures along a direction perpendicular to the X axis and approximately parallel to
a plane of the scale track 2’. A plane defined by (and including) the X and Y axes or any parallel plane thereto (herein
referred to as an XY plane) is coincident on or in parallel to a plane including the scale track 2’. The Z axis denotes an
axis extending in a vertical direction and more generally in other figures along a direction perpendicular to the XY plane
and/or approximately normal to the plane of the scale track 2’. The plane defined by (and including) the X and Z axes
or any parallel plane thereto is referred to as an XZ plane, and the plane defined by (and including) the Y and Z axes
or any parallel plane thereto is referred to as an YZ plane. As shown in FIGURE 1, each scale track 2’ may include a
plurality of scale markings 21. That is, the scale markings 21 are read by a readhead 3 of an optical encoder along the
X axis direction.
[0029] Preferring to Figs. 1 and 2, the optical encoder 1 includes a scale 2 having a scale track 2’ including latticed
or striped scale markings 21 that can be read along the X-axis direction and a readhead 3 having a light source 31 which
emits light to the scale track 2’, a scale-side lens 32 which transmits the light from the light source 31 to the scale track
2’, and a light receiving element 33 which is arranged in parallel with the scale track 2’ and receives the light that has
been reflected by the scale track 2’ and has passed through the scale-side lens 32 so that the position of the readhead
3 with respect to the scale track 2’ is measured based on the light received by the light receiving element 33. That is,
the scale-side lens 32 transmits the light reflected by the scale track 2’ to the light receiving element 33.
[0030] The scale 2 is formed to have a rectangular plate shape, of which the longitudinal direction is aligned along
the X-axis direction, and the lateral direction is aligned along the Y-axis direction. Fig. 1 illustrates the optical encoder
1 as seen along the X-axis direction, that is, in a reading direction of the scale track 2’.
[0031] Fig. 2 is a schematic diagram illustrating the optical encoder 1 as seen along the Y axis direction, that is, a
direction perpendicular to the reading direction of the scale track 2’. In the present description, the direction (the Y-axis
direction) perpendicular to a reading direction of the scale track 2’ may be referred to simply as the direction perpendicular
to the scale track 2’. As shown in Figs. 1 and 2, the light source 31 is arranged between the scale-side lens 32 and the
light receiving element 33, and the distance between the light source 31 and the scale-side lens 32 is set to be the focal
distance fs of the scale-side lens 32.
[0032] The optical axis Lsrc of the light source 31 is matched with the optical axis Ls of the scale-side lens 32 in the
X reading direction of the scale track 2’ (refer to Fig. 2) and is separated from the optical axis Ls of the scale-side lens
32 by a predetermined distance D in the Y direction perpendicular to the scale track 2’ (refer to Fig. 1). Here, the
predetermined distance D is set to be equal to or larger than 1/2 of the width Wsrcy (numerical aperture) of the light
source 31 in the Y direction perpendicular to the scale track 2’.
[0033] Since the optical axis Lsrc of the light source 31 is separated from the optical axis Ls of the scale-side lens 32
by a predetermined distance D in the Y direction perpendicular to the scale track 2’, for the light emitted from the light
source 31, the light on the light source 31 side in the Y direction perpendicular to the scale track 2’ is transmitted to the
scale track 2’ through the light source 31 side of the scale-side lens 32 in the Y direction perpendicular to the scale track
2’ as shown in Fig. 1. This light is reflected by the scale track 2’ and received by the light receiving element 33 through
the opposite side of the scale-side lens 32, opposite to the light source 31 side, in the Y direction perpendicular to the
scale track 2’.
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[0034] In Figs. 1 and 2, the optical path of the light received by the light receiving element 33 is denoted by the solid
line, and other optical paths of the light are omitted. In the following drawings, similar denotation will be used.
[0035] In this aspect, since the distance between the light source 31 and the scale-side lens 32 is set to be the focal
distance fs of the scale-side lens 32, the optical encoder 1 can be used to constitute an object (the scale track 2’) side
telecentric optical system (at least approximately) in a reading direction of the scale track 2’ as shown in Fig. 2, so that
it is possible to increase the focal depth without altering the magnification of the scale track 2’ along the reading direction
in the reflected light, which preserves measurement accuracy,
[0036] Specifically, the numerical aperture NA of the scale-side lens 32 can be expressed as the following equation (1): 

where Wsrcx denotes a width of the light source 31 in a reading direction of the scale track 2’, Ds (not shown) denotes
a distance from the scale markings 21 of the scale track 2’ to the scale-side lens 32, and Dp (not shown) denotes a
distance from the scale-side lens 32 to the light receiving element 33.
[0037] In addition, the focal depth DOF of the optical encoder 1 can be expressed as the following equation (2): 

where λ denotes a wavelength of the light emitted from the light source 31.
[0038] Therefore, it is possible to increase the focal depth DOF by reducing the width Wsrcx of the light source 31.
[0039] In the present embodiment, it is possible to obtain the following effects.

(1) In the optical encoder 1, since it is possible to separate the optical path of the light emitted from the light source
31 and directed toward the scale track 2’ and the optical path of the light reflected by the scale track 2’ and directed
toward the light receiving element 33 through the scale-side lens 32 without a half-mirror, it is possible to obtain a
sufficient light amount for the light receiving element 33.
(2) The scale track 2’ and the light receiving element 33 are arranged in parallel with each other, and a single scale-
side lens 32 is arranged between the scale track 2’ and the light receiving element 33. In addition, the light source
31 is arranged between the scale-side lens 32 and the light receiving element 33. Therefore, it is possible to miniaturize
the optical encoder 1.
(3) Since the optical encoder 1 can be used to constitute an object (the scale track 2’) side telecentric optical system
in a reading direction of the scale track 2’, it is possible to increase the focal depth. Therefore, it is possible to
increase the allowable interval between the scale 2 and the readhead 3.
(4) Since the predetermined distance D between the optical axis Lsrc of the light source 31 and the optical axis Ls
of the scale-side lens 32 in the direction perpendicular to the scale track 2’ is set to be equal to or larger than 1/2
of the width Wsrcy of the light source 31 in the direction perpendicular to the scale track 2’, it is possible to improve
use efficiency of the light emitted from the light source 31. Specifically, if the predetermined distance D is smaller
than 1/2 of the width Wsrcy of the light source 31, a portion of the light source 31 protrudes from the optical axis Ls
of the scale-side lens 32 in the direction perpendicular to the scale track 2’ so that the light from that portion is not
received by the light receiving element 33, thereby degrading use efficiency of the light emitted from the light source
31. On the other hand, setting D equal to or larger than 1/2 of the width Wsrcy improves use efficiency of the light
emitted from the light source 31.

Second Embodiment

[0040] Hereinafter, a second embodiment of the present invention will be described with reference to the accompanying
drawings. In the following descriptions, like reference numerals denote like elements as in the aforementioned embod-
iment, and descriptions thereof will not be repeated.
[0041] Fig. 3 is a schematic diagram illustrating the optical encoder 1A as seen along a reading direction of the scale
track 2’ (X direction) according to the second embodiment of the present invention. Fig. 4 is a schematic diagram
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illustrating the optical encoder 1A as seen along the Y direction perpendicular to the scale track 2’.
[0042] In the first embodiment, the optical encoder 1 includes the readhead 3 having the light source 31, the scale-
side lens 32, and the light receiving element 33. On the other hand, in the present embodiment, the readhead 3 A of the
optical encoder 1A further includes an aperture 34 in addition to the light source 31, the scale-side lens 32, and the light
receiving element 33 as shown in Figs. 3 and 4.
[0043] The aperture 34 is provided to transmit the light that has been reflected by the scale track 2’ and has passed
through the scale-side lens 32. The distance between the aperture 34 and the scale-side lens 32 is set to be close to
or at the focal distance fs of the scale-side lens 32.
[0044] In addition, within the plane (i.e., the paper plane of Fig. 3) perpendicular to a reading direction of the scale
track 2’, the optical axis La of the aperture 34 and the optical axis Lsrc of the light source 31 are axisymmetrical to each
other with respect to the optical axis Ls of the scale-side lens 32. Specifically, while the optical axis La of the aperture
34 is matched with the optical axis Ls of the scale-side lens 32 in the X reading direction of the scale track 2’ (refer to
Fig. 4), the optical axis La of the aperture 34 is separated from the optical axis Ls of the scale-side lens 32 by a
predetermined distance D in the Y direction perpendicular to the scale track 2’ (refer to Fig. 3).
[0045] Here, the width Way of the aperture 34 in the Y direction perpendicular to the scale track 2’ (refer to Fig. 3) is
set to be a value as shown in the following equation (3) such that only a positioning error of the light source 31 of δ in
the Y direction perpendicular to the scale track 2’ is allowable. 

[0046] In this setting, even when a positioning error of the light source 31 occurs in the Y direction perpendicular to
the scale track 2’, it is possible to limit the light emitted from the light source 31 using the aperture 34 if the positioning
error is equal to or smaller than δ. Therefore, it is possible to suppress variance in the performance of the optical system
of the optical encoder 1A due to a position deviation of the light source 31.
[0047] Since the distance between the aperture 34 and the scale-side lens 32 is set to be close to or at the focal
distance fs of the scale-side lens 32, the optical encoder 1A can be used to constitute an object (the scale track 2’) side
telecentric optical system in the X reading direction of the scale track 2’ as shown in Fig. 4. Therefore, it is possible to
increase the focal depth.
[0048] Specifically, the numerical aperture NA of the scale-side lens 32 can be expressed as the following equation (4): 

where Wax denotes a width of the aperture 34 in the X reading direction of the scale track 2’, Ds (not shown) denotes
a distance from the scale markings 21 of the scale track 2’ to the scale-side lens 32, and Dp (not shown) denotes a
distance from the scale-side lens 32 to the light receiving element 33.
[0049] In addition, the focal depth DOF of the optical encoder 1A can be expressed as the following equation (5); 

where λ denotes a wavelength of the light emitted from the light source 31.
[0050] Therefore, it is possible to increase the focal depth DOF by reducing the width Wax of the aperture 34.
[0051] According to the present embodiment, in addition to the aforementioned functions and effects of the first em-
bodiment, it is possible to obtain the following functions and effects.

(5) Since the optical encoder 1A has the aperture 34 that transmits the light that has been reflected by the scale
track 2’ and has passed through the scale-side lens 32, it is possible to provide an optical system by designing the
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width or position of the aperture 34, similarly to providing an optical system by designing the width or position of the
light source 31.
(6) Since designing or positioning the aperture 34 is relatively easier than designing or positioning the light source
31, it becomes easier to suppress variance in the performance of the optical system of the optical encoder 1A.

Third Embodiment

[0052] Fig. 5 is a schematic diagram illustrating an optical encoder 1B as seen along the X reading direction of the
scale track 2’ according to a third embodiment of the present invention. Fig. 6 is a schematic diagram illustrating the
optical encoder 1B as seen along the Y direction perpendicular to the scale track 2’.
[0053] In the second embodiment, the optical encoder 1A includes the readhead 3A having the light source 31, the
scale-side lens 32, the light receiving element 33, and the aperture 34. On the other hand, in the present embodiment,
the optical encoder 1B includes the readhead 3B having a light receiving element-side lens 35 in addition to the light
source 31, the scale-side lens 32, the light receiving element 33, and the aperture 34 as shown in Figs. 5 and 6.
[0054] The light receiving element-side lens 35 is arranged between the aperture 34 and the light receiving element
33, The distance between the aperture 34 and the light receiving element-side lens 35 is set to be close to or at the focal
distance fp of the light receiving element-side lens 35.
[0055] In addition, the optical axis Lp of the light receiving element-side lens 35 is matched with the optical axis Ls of
the scale-side lens 32.
[0056] According to the present embodiment, in addition to the aforementioned functions and effects of the second
embodiment, it is possible to obtain the following functions and effects.

(7) Since the optical encoder 1B can be used to constitute a bidirectional telecentric optical system in the X reading
direction of the scale track 2’, it is possible to increase the focal depth. Accordingly, it is also possible to increase
the allowable interval between the light receiving element 33 and the light receiving element-side lens 35.

Fourth Embodiment

[0057] Fig. 7 is a schematic diagram illustrating the optical encoder 1C according to a fourth embodiment of the present
invention as seen along the X reading direction of the scale track 2’.
[0058] In the third embodiment, the optical encoder 1B includes the readhead 3B, and the optical axis Lp of the light
receiving element-side lens 35 of the readhead 3B is matched with the optical axis Ls of the scale-side lens 32. On the
other hand, according to the present embodiment, as shown in Fig. 7, the optical encoder 1C includes a readhead 3C,
and the optical axis Lp of the light receiving element-side lens 35 of the readhead 3C is matched with the optical axis
Ls of the scale-side lens 32 in the X reading direction of the scale track 2’, while Lp is separated from the optical axis
Ls of the scale-side lens 32 by twice the predetermined distance D in the Y direction perpendicular to the scale track 2’.
[0059] According to the present embodiment, in addition to the aforementioned functions and effects of the third
embodiment, it is possible to obtain the following functions and effects.

(8) In the Y direction perpendicular to the scale track 2’, both the optical axes Ls and Lp of the scale-side lens 32
and the light receiving element-side lens 35 are separated from the optical axis La of the aperture 34 by a prede-
termined distance D on both sides, Therefore, the light passing through the aperture 34 transmits through the portions
of the scale-side lens 32 and the light receiving element-side lens 35 having the same shape, in a reversed orientation
both along and about their respective optical axes. As a result, the optical encoder 1C can be used to reduce or
cancel the influence of lens aberrations in the individual lenses (e.g., the individual lens aberrations may cancel one
another) and perform accurate measurement.

Fifth Embodiment

[0060] Fig. 8 is a schematic diagram illustrating the optical encoder 1D according to a fifth embodiment of the present
invention as seen along the X reading direction of the scale track 2’.
[0061] In the fourth embodiment of Fig. 7, the optical encoder 1C includes the readhead 3C, and the readhead 3C
has a single light source 31, a single scale-side lens 32, and a single aperture 34. On the other hand, according to the
present embodiment, as shown in Fig. 8, the optical encoder ID includes a readhead 3D, and the readhead 3D has two
light sources 31, two scale-side lenses 32, and two apertures 34. In addition, two apertures 34 are formed in a single
member.
[0062] In the fourth embodiment of Fig. 7, the optical encoder 1C includes the scale track 2’ haaling latticed or striped
scale markings 21. On the other hand, according to the present embodiment, the scale 2D includes a first scale track
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2’ and a second scale track 2", each comprising a set of scale markings 21, which may differ between the two scale
tracks (e.g., in order to provide a fine resolution incremental scale track and an absolute code scale track).
[0063] Furthermore, according to the present invention, within a plane (paper plane of Fig. 8) perpendicular to the X
reading direction of the two tracks of scale markings 21, the optical axes Lsrc, Ls, and La of the light sources 31, the
scale-side lenses 32, and the apertures 34 are axiaymmetrical to one another with respect to the optical axis Lp of the
light receiving element-side lens 35.
[0064] According to the present embodiment, in addition to the aforementioned functions and effects of the fourth
embodiment, it is possible to obtain the following functions and effects.

(9) In the optical encoder ID, since the light beams reflected by two tracks of scale markings 21 can be received by
a single light receiving element 33 or a most compact arrangement of light receiving elements, it is possible to reduce
the size and/or number of components in comparison with the case where the optical encoder is configured to
receive the light beams using two separated light receiving elements.

Sixth Embodiment

[0065] Fig. 9 is a schematic diagram illustrating the light source 31E of the optical encoder 1E according to a sixth
embodiment of the present invention.
[0066] In the aforementioned embodiments, each of the optical encoders 1 to ID includes the light source 31. On the
other hand, according to the present embodiment, the optical encoder 1E includes a light source 31E, and the light
source 31E includes a light-emitting body 311 that emits light and a diffusion plate 312 that is arranged in a later stage
of the optical path of the emitted light from the light-emitting body 311 and diffuses the light emitted from the light-emitting
body 311 as shown in Fig. 9.
[0067] Although not shown in the drawings, a distance between a plane of the diffusion plate 312 on the scale-side
lens 32 side (on the lower side of Fig. 9) and the scale-side lens 32 is set to be the focal distance fs of the scale-side lens 32.
[0068] According to the present embodiment, in addition to the aforementioned functions and effects, it is possible to
obtain the following functions and effects.

(10) Since the width of the light source 31E can be substituted with the width of the diffusion plate 312, it is possible
to easily design the optical encoder 1E.

Seventh Embodiment

[0069] Fig. 10 is a schematic diagram illustrating a light source 31F of an optical encoder 1F according to a seventh
embodiment of the present invention.
[0070] In the first to fifth embodiments, the optical encoder 1 to 1D includes the light source 31. On the other hand,
according to the present embodiment, the optical encoder IF includes the light source 31F as shown in Fig. 10, and the
light source 31F includes a light-emitting; body 311 that emits light and a light-emitting body lens 313 arranged in a later
stage of the optical path of the light emitting from the light-emitting body 311 such that the scale-side lens 32 and the
light-emitting body lens 313 constitute a Kohler illumination.
[0071] According to the present embodiment, in addition to the aforementioned functions and effects, it is possible to
obtain the following functions and effects.

(11) Since it is possible to reduce unevenness of the light emitted from the light source 31F and directed toward the
scale track 2’ through the scale-side lens 32, it is possible to perform accurate measurement,

Modification of the Embodiments

[0072] The present invention is not limited to the aforementioned embodiments but may include various modifications
and variations within the scope of the invention.
[0073] For example, while, in each of the aforementioned embodiments, the predetermined distance D is set to be
equal to or larger than 1/2 of the width Wsrcy of the light source 31, 31E, or 1F in the Y direction perpendicular to the
scale track 2’, it may be set to other values.
[0074] Furthermore, although some aspects of the aforementioned embodiments have been characterized as tele-
centric, with either a light source or an aperture, or both, located close to or at a focal length from a lens, it will be
appreciated that it is unusual to apply such a telecentric characterization to an off axis illumination and/or imaging
configuration. In particular, it should be appreciated that off-axis imaging is relatively unconventional, and "ideal" on-
axis approximations may work less well than expected in some embodiments. It is most desirable to provide constant
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magnification and clear imaging along the reading direction of the scale track 2’, regardless of reasonable gap variations
from the readhead to the scale track 2’. In contrast, as described in greater detail below, reasonable levels of magnification
variation and image blur restricted to the Y direction perpendicular to the scale track 2’ are not significant because the
Y direction is not the measuring direction and the light receiving element may integrate the optical image signals along
the Y direction.
[0075] In the embodiments outlined below, this fact is utilized to enhance the off axis image telecentricity (e.g., mag-
nification consistency independent of reasonable object or image distance variations) and image clarity specifically along
the reading direction of the scale track. In particular, as outlined below, in some embodiments the most advantageous
off axis illumination and imaging along the reading direction result when aspheric lens shapes are used, and especially
when such lenses are used in combination with locating a light source and/or the aperture at distances other than the
focal distance from an aspheric lens in an off axis imaging arrangement that varies somewhat from conventional telecentric
arrangements.

Further Embodiments

[0076] Figs. 11, 12, and 13 illustrate a further embodiment of an optical encoder 1G according to the present invention.
Fig. 11 illustrates the optical encoder 1G as seen along the X reading direction of the scale track 2’, Fig. 12 illustrates
the same optical encoder 1G as along the Y direction perpendicular to the scale track 2’, and Fig. 13 is a schematic
perspective view of the optical encoder 1G
[0077] The optical encoder 1G includes a scale 2 including one or more scale tracks 2’, each including a plurality of
scale markings 21, and a readhead 3. The scale 2 and the deadhead 3 are separated by a scale-to-readhead gap G.
The readhead 3 includes a light source 31, a scale-side lens 32, an aperture 34, a light receiving element-side lens 35,
and a light receiving element 33. The light source 31 is arranged between a plane 32’ of the scale-side lens 32, such
as the principal plane of the scale-side lens 32, and a plane 33P of the light receiving element 33, such as the plane of
the light receiving element 33 that is closest to the scale 2. The light source 31 may be arranged at, or define, a light
source plane 31’. For example the light source plane 31’ may be a plane including a relatively compact light emitting
point source of the light source 31. Or, if the light source 31 includes a lens that emits diverging rays from the light source,
the light source plane 31’ may coincide approximately with the location where those rays are traced back to or converge
to their most compact cross section. In operation, generally speaking, the scale-side lens 32 transmits light emitted from
the light source 31 through a first off axis portions 32a thereof toward the scale track 2’ and transmits the light reflected
by the scale track 2’ as scale track image light 36 through a second off axis portion 32b thereof. The scale track image
light 36 propagates through the second portion 32b of the scale-side lens 32 toward the light receiving element 33. In
particular, for the embodiment shown in Figs. 11-13, the scale-side lens 32 transmits the scale track image light 36
through the aperture 34, and an off axis portion 35a of the light receiving element-side lens 35 to the light receiving
element 33, as described in greater detail below.
[0078] The effective center of the light source 31 (e.g., as defined by the rays that it emits that actually contribute to
the operative scale track image light) may define its optical axis Lsrc, which is separated from the optical axis Ls of the
scale-side lens 32 by an illumination off-axis distance Dsrc in a direction (Y) perpendicular to the X reading direction of
the scale track 2’.
[0079] The aperture 34 is located at, or defines, an aperture plane 34’ (e.g., the plane of the aperture 34 closest to
the scale 2) positioned between the plane 32’ of the scale-side lens 32 and the plane 33P of the light receiving element
33, and more particularly between the plane 32’ of the scale-side lens 32 and the plane 35’ of the light receiving element-
side lens 35 for the embodiment shown in Figs 11-13. The center of the aperture 34, which may be defined as its optical
axis La, is separated from the optical axis Ls of the scale-side lens 32 by an aperture off-axis distance Dap1 in the Y
direction, to define a first lens off-axis imagine path 38 (represented by its central ray in Fig. 11) for the scale track
imaging light 36 that reaches the light receiving element 33. In other words, the aperture 34 is arranged to receive the
scale track image light 36 through an off axis portion 32b of the scale-side lens 32 (see portion 32b in Fig. 13) that
includes the first lens off-axis imaging path 38.
[0080] The aperture 34 may be sized and arranged to define the location of the desired first lens off-axis imaging path
38 through the scale-side lens 32 and to select imaging light rays that are collimated or nearly collimated along that
path, to thereby ensure a desired level of object (scale) side telecentricity in the X reading direction of the scale track
2’. In other words, the aperture 34 is sized such that it helps constrain the imaging light rays that reach the light receiving
element 33 to be substantially parallel to one another ("collimated") on the object side of the scale-side lens 32 and the
imaging side of the light receiving element-side lens 35 such that the scale track image formed on the light receiving
element 33 exhibits approximately constant magnification regardless of expected variation in the gap G. The size of the
aperture 34 may also be selected to determine a numerical aperture for the optical system that provides a desired depth
of field for imaging the scale track 2’.
[0081] In some embodiments as shown in Fig. 11, a light absorber 41 may be provided at a location that receives light
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42 reflected from a portion of the light receiving element 33 where the scale track image is formed based on the scale
track image light 36. In the illustrated embodiment, the absorber 41 is provided on a structure that defines the aperture
34, and is configured and formed of material to absorb the light 42 reflected by the light receiving element 33, without
re-reflecting the light 42 back toward the light receiving element 33 where the scale track image is formed. Thus, the
absorber 41 helps reduce noise that may otherwise arise from the light 42 being re-reflected back toward the light
receiving element 33 and, therefore, helps prevent contrast of the scale track image formed on the light receiving element
33 from being decreased.
[0082] In the embodiment shown in Fig. 11, the optical axis Lsrc of the light source 31 and the optical axis La of the
aperture 34 are approximately or fully axisymmetrically located with respect to the optical axis Ls of the scale-side lens
32. More generally, the aperture 34 and the light source 31 are located on opposite sides of an XZ plane that includes
the optical axis Ls of the scale-side lens 32, such that light source light is effectively reflected as scale track image light
through the aperture 34. The illumination off-axis distance Dsrc of the light source 3 relative to the scale-side lens axis
Ls may be defined according to the aperture off-axis distance Dap1 of the aperture 34 relative to the scale-side lens
axis Ls in some embodiments. For example, Dsrc may be defined as greater than 0.8*Dap1 and less than 1.2*Dap1 in
order to approximately optimize the amount of scale track imaging light reflected along the first lens off axis imaging
path 38. In some embodiments, it may be advantageous when Dsrc is the same as Dap1 such that the light source 31
and the aperture 34 are located axisymmetrically about the optical axis Ls of the scale-side lens 32, in order to maximize
the amount of scale track imaging light reflected along the first lens off-axis imaging path 38.
[0083] In some embodiments, the planes of the light source 31 and the aperture 34 may be arranged approximately
in a conjugate relationship with each other with respect to operation of the scale-side lens 32. In some embodiments of
the invention, the light source 31 is arranged such that the light source plane 31 does not coincide with the aperture
plane 34’, as shown in Figs. 11-13. This configuration may be advantageous in preventing the internal structure (e.g.,
wirebonds) and/or intensity variations in core of the light source 31 from being imaged at the aperture plane 34’. This
allows the scale track image light reflected by the scale track 2’ and passing through the aperture 34 to have substantially
uniform intensity at the aperture 34, which provides more desirable spatial filtering of the scale track image light at the
aperture and a more desirable scale track image on the light receiving element 33, which is one of the features important
for achieving an accurate measurement by the optical encoder 1G. In the most general case, a light source plane 31’
located farther from the scale-side lens 32 than the aperture plane 34’ may provide this effect. However, the closer the
light source plane 31’ is to the scale-side lens 32 (e.g., close than the aperture plane 34’, as shown in Figs. 11-13), this
may be advantageous in that the intensity of the light at the scale track 2’ is generally higher. For example, when the
light source plane 31’ is located at a distance LSP from the plane 32’ of the scale-side lens 32, and the aperture plane
34’ is located at a distance AP1 from the plane 32’ of the scale-side lens 32, LSP may be defined in terms of AP1, and
it may be advantageous in some embodiments when LSP is less than 1.2*AP1. In other embodiments, it may be even
more advantageous when LSP is less than AP1 to provide higher light intensity. It may further be advantageous when
LSP is also greater than 0.7*AP1, which may allow the light source 31 and the aperture 34 to be positioned at distances
AP1 and LSP that provide approximately telecentric illumination and/or imaging, which provides previously outlined
benefits.
[0084] For example, in some embodiments, the distance AP1 (i.e., the location of the aperture plane 34’ relative to
the plane 32’ of the scale-side lens 32) may be defined in terms of a focal length of the scale-side lens 32 in order to
provide a desired degree of object side imaging telecentricity. As shown in Figs. 11 and 12, the scale-side lens 32 has
a focal length that defines a first focal plane 39 located at a focal distance fs from the plane 32’ of the scale-side lens
32 along the Z direction. It may be advantageous in some embodiments when AP1 is greater than 0.8*fs and less than
1.2*fs. In various embodiments using aspheric lenses and off axis imaging it has been found that it may be even more
advantageous when AP1 is greater than fs rather than 0.8*fs (e.g., AP1 may be designed to be at least 1.03*fs, in some
specific embodiments).
[0085] Similarly, as shown in Figs. 11 and 12, the light receiving element-side lens 35 has a focal length that defines
a second focal plane 40 located at a focal distance fp from the plane 35’ of the light receiving element-side lens 35 along
the Z direction. The aperture plane 34’ is located at a distance AP2 from the plane 35’. It may further be advantageous
in some embodiments when the distance AP2 (i.e. the location of the aperture plane 34’ relative to the plane 35’ of the
light receiving element-side lens 35) is defined in terms of the focal length fp in order to provide a desired degree of
image side imaging telecentricity. For example, in some embodiments, AP2 is designed to be greater than 0.8*fp and
less than 1.2*fp. In various embodiments using aspheric lenses and off axis imaging it has been found that it may be
even more advantageous when AP2 is greater than fp rather than 0,8*fp (e.g AP2 may be designed to be at least 1.03*fs,
in some specific embodiments). In some embodiments, at least one of the desirable relationships outlined above may
be fulfilled, and in addition the aperture plane 34’ may be located between the first focal plane 39 and the second focal
plane 40 of the two lenses (e.g., to provide symmetrical optical paths on the object side and image side of the aperture 34).
[0086] As previously outlined, approximate object (scale) side telecentricity is desirable to make the imaging magni-
fication of the scale markings 21 insensitive to the gap G between the scale track 2’ and the scale-side lens 32, Similarly,
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approximate image side telecentricity is desirable to make the imaging magnification of the scale markings 21 insensitive
to the spacing between the light receiving element 33 and the receiving element-side lens 35. However, while it is most
desirable to achieve telecentricity in the X reading direction of the scale markings 21, it may not be necessary to achieve
telecentricity in the Y direction. In other words, because the imaging light reflected along a single scale marking 21 in
the Y direction will be received by (integrated onto) a single detector along the Y direction in the light receiving element
33, the image can be shifted in the Y direction with no impact and it is not necessary to achieve telecentricity or, more
generally, reduce or eliminate distortion along the Y direction.
[0087] Thus, optical distortion needs to be reduced or eliminated primarily along the X reading direction. Accordingly,
as shown in Figs. 12 and 13, the optical axes of the light source 31, the scale-side lens 32, the aperture 34, and the light
receiving element-side lens 35 are aligned at the same plane location along the X reading direction. Stated another way,
the second portion 32b of the scale-side lens 32 is symmetrically located relative to the optical axis Ls of the scale-side
lens 32 along a direction perpendicular to the Y axis in an XZ plane. This tends to minimize image distortion along the
X reading direction, since along this direction, imaging is performed using portions of the lenses which are symmetric
relative to a plane including the optical axis of each lens, and lenses generally provide better imaging using symmetrical
imaging rays close to their optical axes. On the other hand, the optical axes of the light source 31, the scale-side lens
32, the aperture 34, and the light receiving element-side lens 35 are not aligned at the same location along the Y direction.
Stated another way, as shown in Fig. 13, the second portion 32b of the scale-side lens 32, through which the scale track
image light 36 reflected by the scale track 2’ passes, is not symmetrically located about the optical axis Ls of the scale-
side lens 32 along a direction perpendicular to the Z axis in an XY plane. The associated "off axis" and "double off axis"
Y direction imaging paths through the scale-side lens 32 and the light receiving element-side lens 35 are not ideal for
reducing distortion in the Y direction but are desirable to achieve overall compactness of the optical encoder 1G. Fur-
thermore, the first and/or second portions 32a, 32b of the scale-side lens 32 do not include the optical axis Ls of the
scale-side lens 32 so as to reduce or eliminate cross-talk of the illumination light and the imaging light through the first
and second portions 32a and 32b, respectively, of the scale-side lens 32.
[0088] Since optical distortion needs to be reduced or eliminated primarily along the X reading direction, in some
embodiments it is preferred that the aperture width Way along the Y direction is longer than the aperture width Wax
along the X direction. In general, a larger aperture is desirable for greater light throughput (which creates a larger signal
on the light receiving element 33) but it may also reduce depth of field and/or allow more optical aberration. In various
embodiments of the present invention, however, since the optical aberrations along the Y direction need not be minimized,
the aperture width Way along the Y direction can be made larger to transmit more light, while the aperture width Wax
along the X direction is made smaller to increase the depth offield and telecentricity along the X reading direction to a
desirable degree.
[0089] The optical encoder 1G may be characterized as an "off axis" configuration in that the light source 31 transmits
light through an off" axis portion 32a, and/or scale track image light is transmitted through an off axis lens portion 32b
which are separated from the optical axis Ls of the scale-side lens 32 along the Y direction (see Figs. 11 and 13). Further,
the optical encoder 1G may be characterized as a "double off axis" configuration in that the scale track image light is
transmitted furthermore through an off axis lens portion 35a, which is separated from the optical axis Lp of the light
receiving element-side lens 35 along the Y direction. As previously outlined, the "off axis" configuration is advantageous
in miniaturizing the size of the optical encoder 1G. The "double offaxis" configuration is advantageous in reducing the
optical distortion that can otherwise be associated with an isolated "off axis" configuration.
[0090] In the particular double off axis configuration shown in Figs. 11-13, to maximize its advantages, the scale-side
lens 32 and the light receiving element-side lens 35 are similarly configured and are oriented such that their similarly
shaped surfaces face in opposite directions from each other along their respective optical axes Ls, Lp. For example, in
the illustrated embodiment of Fig. 11, both of the lenses 32 and 35 are configured to have a generally convex first
aspheric surface S1 (S1’) and a second aspheric surface S2 (S2’), and the lenses 32 and 35 are arranged such that
their respective generally convex first surfaces S1 (S1’)’ face each other. Further, the optical axis Lp of the light receiving
element-side lens 35 is separated from the optical axis Ls of the scale-side lens 32 in the Y direction by a distance DL1L2
(Fig. 11), such that the scale track image light 36, which has been reflected by the scale track 2’ and has passed through
the second portion 32b of the scale-side lens 32 and the aperture 34, passes through a first portion 35a of the light
receiving element-side lens 35 (Fig. 13) which has a shape approximately or completely similar to the portion 32b, but
with the shape effectively rotated by 180 degrees about the direction of the optical axes Ls, Lp. Stated another way, the
aperture 34 and the lenses 32 and 35 are arranged such that the aperture defines a second lens off axis imaging path
38’ that passes through a desirable portion 35a of the light receiving element-side lens 35 that complements the portion
32b of the scale-side lens 32 in the manner outlined above. This configuration nominally cancels aberrations such as
coma and distortion which might otherwise be introduced by off axis imaging through the individual lenses 32 and 35
and large field angles. Stated another way, these aberrations caused by off-axis imaging through the second portion
32b of the scale-side lens 32, and large field angles, can be nominally canceled by the arrangement of the first portion
35a of the light receiving element-side lens 35 outlined above. This configuration can also compensate for lens imper-
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fections (e.g., variations in surface shape) provided that the lens imperfections are identical for both lenses. Accordingly,
for many practical and/or slightly imperfect lenses, the double off axis embodiment shown in Figs. 11-13 is superior to
the embodiment shown in Fig. 5.
[0091] As shown in Figs 11, the optical axis La of the aperture 34 is located along the distance DL1L2 between the
optical axes Ls, Lp of the two lenses 32, 35. Generally speaking, DL1L2 = Dap1 + Dap2. In one advantageous embodiment,
the distance Dap1 and the distance Dap2 are nominally the same, such that the portions 32b and 35a may be approx-
imately identical in shape.
[0092] Although the various design relationships outlined above have been described with reference to the double off
axis configuration of the optical encoder 1G, it should be appreciated that more generally the foregoing teachings and
design relationships may be adapted and applied to various other encoder embodiments disclosed herein, if desired
(e.g., to other "off axis" and "double off axis" configurations disclosed herein).
[0093] Table 1 below shows one exemplary set of design dimensions which may be used in an exemplary embodiment
of the optical encoder 1G. The dimensions are suitable, for example, when the scale track 2’ has a Y-direction height
of 1-2 mm. The scale track 2’ may include either incremental scale markings 21 (e.g., a grating) or absolute scale
markings 21. If spherical lenses are used, scale markings 21 having an X direction pitch (e.g., a grating pitch) as small
as approximately 140 or 100 microns may be imaged with acceptable results. With properly designed aspheric lenses,
scale markings 21 having an X direction pitch (e.g., a grating pitch) as small as approximately 20 microns (or larger)
may be imaged with acceptable results, as described in greater detail below. The wavelength of the light emitted from
the light source 31 may be on the order of 600-900nm in some embodiments. The set of design dimensions may provide
a compact readhead dimension along the Z direction on the order of 21 mm, and may provide a desirable gap tolerance
on the order of approximately +/- 200 microns.

[0094] The values for "FOVX" and "FOVY" (the field of view on the scale track 2’ along the X direction and Y direction,
respectively, that are imaged onto the light receiving element 33) may be limited by the size of the light receiving element,
rather than the scale track 2’ or the other optical elements, in order to provide desirable assembly and alignment toler-
ances. For a compact readhead design, a relatively short focal length may be desirable. In one embodiment, for such
short focal lengths, and a magnification in the range of .75 to 1.25, a relatively thick lens design may be desirable in
order to provide undistorted imaging. For example, Table 1 shows that for a focal length of 4.5 mm, a lens thickness T
of 4.0 mm has been found to provide acceptable performance. In some embodiments, a lens thickness T to focal length
ratio in the range of 0.7 to 1.1 may provide acceptable performance.
[0095] While the "double off axis" design of the present invention described above is advantageous in reducing optical
distortion and coma generated due to the "off axis" design and large field angles, other optical aberrations may remain.
It has been found that when both the scale-side lens 32 and the light receiving element-side lens 35 have properly
designed aspheric surfaces S1 (S1’) and S2 (S2’), the remaining optical aberrations may be substantially eliminated, at
least along the X reading direction. The aspheric surfaces S1 (and the similar surface S1’) and S2 (and the similar

[Table 1]

Property Value

FOVX (limited by receiving element 33) 3.0 mm

FOVY (limited by (limited by receiving element 33) 0.8 mm

Lens Diameter Approx. 6.5 mm

Lens Thickness "T" 4.0 mm

Lens to Aperture Distance Approx. 3.5 mm

Aperture Dimension (X,Y) (0.27 mm, 0.54 mm)

Dap1 0.875 mm

DL1L2 1.75 mm

Scale to Readhead Gap "G", Receiver Element to Lens Gap Approx. 2.6 mm

Magnification -IX

Focal length fs, fp Approx. 4.5 mm

Back focal length Approx. 3.2 mm

AP1, AP2 Approx. 4.75 mm
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surface S2’) shown in Figs 11-12 approximately represent one exemplary set of surfaces. It has been found that in some
exemplary embodiments desirable performance results, when the surface S1 is a first aspheric surface that is convex
near the optical axis of the lens and has a slope along the radial direction that increases monotonically as a function of
radius "r" from the optical axis of the lens, and the surface S2 is a second aspheric surface that is convex near the optical
axis of the lens and has a slope along the radial direction that increases as a function of radius "r" over a first radius
range RR1 (see Fig. 12) that includes the optical axis of the lens and decreases as a function of radius "r" over a second
radius range RR2 that surrounds the first radius range RR1. When the scale-side lens 32 and the light receiving element-
side lens 35 are configured such that the magnification M of the scale track image on the light receiving element 33 is
greater than 0.75 and less than 1.25, it has been found that in some exemplary embodiments desirable performance
results when the ratio of the radius R2 of the second aspheric surface S2 proximate to the optical axis of the lens and
the radius R1 of the first aspheric surface S1 proximate to the optical axis of the lens, i.e., R2/R1, is greater than 1.1
and less than 1.7. Also, as previously outlined, in some exemplary embodiments desirable performance results when
the ratio of the lens thickness "T" between the first aspheric surface S1 and the second aspheric surface S2 along the
optical axis of the lens relative to a focal length F of the lens (fs, fp), i.e., T/F, is greater than 0.7 and less than 1.1.
Various sets of aspheric surfaces that fall within a design range indicated by one or more of these guidelines for such
embodiments may be determined by one skilled in the art based on analysis and or experiment.
[0096] It will be appreciated that these guidelines are exemplary only, and not limiting. For example, although excellent
performance results when the first aspheric surface S1 of the scale-side lens 32 having the characteristics outlined
above is arranged farther from the scale 2 and the second aspheric surface S2 of the scale-side lens 32 having the
characteristics outlined above is arranged closer to the scale 2 (e.g., as shown in Fig. 12), and such a configuration may
be preferred in some embodiments, it has been found that if the surface shapes of surfaces S1 and S2 are reversed
(e.g., as would be observed by reversing the lenses 32 and 35 along the direction of their optical axes) reasonable
performance may still be obtained in some applications.
[0097] The scale-side lens 32 and the light receiving element-side lens 35 may be formed of plastic, which is relatively
inexpensive, light-weight, and easy to process (e.g., injection molding) but is relatively sensitive to environmental con-
ditions such as temperature variation and moisture. Alternatively, the lenses may be formed of optical glass, which is
less sensitive to environmental conditions.
[0098] Fig. 14 illustrates a further embodiment 1H of an optical encoder incorporating aspects of the present invention,
which includes a deadhead having a first arrangement 1H-I for reading the scale track 2’, and a second arrangement
1H-A for reading the scale track 2". In one embodiment, the first scale track 2’ comprises incremental scale markings,
which will be imaged onto an incremental light receiving element 33, and the second scale track 2" comprises absolute
scale markings, which will be imaged onto an absolute light receiving element 33’. Stated another way, the readhead
has two sets of a light source, a scale-side lens, an aperture, a light receiving element-side lens, and a light receiving
element (e.g., one set providing incremental encoder signals for fine measurement resolution and the other set providing
absolute encoder signals for absolute position determination over the measuring range of the encoder). The two sets
may be configured in arrangements that are substantially the same (e.g., corresponding portions of their optical paths
may approximately parallel to one another in the YZ plane) and may be arranged adj acent to each other along the
direction perpendicular to the reading direction of the scale tracks. As illustrated, each of the arrangement 1H-I and the
arrangement 1H-A is a double off axis configuration outlined above with reference to the optical encoder 1G shown in
Figs. 11-13. The first and second tracks 2’ and 2" are offset from each other along the Y direction perpendicular to the
X reading direction. The incremental light receiving element 33 and the absolute light receiving element 33’ are likewise
offset from each other along the Y direction. According to the present embodiment, a compact combination of the
incremental encoder 1H-I and the absolute encoder 1H-A is achieved. In some applications of the two scale track
embodiment shown in Fig. 8, it may be inconvenient or impractical to receive the light beams from two scale tracks using
a single light receiving element. For example, in some cases changes in an operating gap relative to the scale track
may cause optical cross-talk or conflicting image displacements between the light beams from the two scale tracks in
that embodiment. In such applications, due to benefits associated with its parallel optical paths, the two scale track
embodiment 1H of Fig. 14 may be more practical to build, and/or may operate more robustly with respect to gap variations.

Claims

1. An optical encoder comprising a scale, which has a scale track extending along a reading direction and comprising
scale markings, and a readhead, which includes a light source that emits light to the scale track and a light receiving
element that is arranged to receive the light reflected by the scale track, so that a position of the readhead with
respect to the scale is measured based on the light received by the light receiving element,
wherein:
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the readhead comprises a first lens that transmits the light emitted from the light source to the scale track and
transmits the light reflected by the scale track as scale track image light to the light receiving element;
the light source is arranged on a light source plane located between a plane of the first lens and a plane of the
light receiving element;
a center of the light source is separated from an optical axis of the first lens by an illumination off-axis distance
Dsrc in a direction perpendicular to the reading direction of the scale track; and
the optical encoder comprises an aperture that is located at an aperture plane between the plane of the first
lens and the plane of the light receiving element, wherein a center of the aperture is separated from an optical
axis of the first lens by an aperture off-axis distance Dap1 in a direction perpendicular to the reading direction
and is configured to define a first lens off-axis imaging path of the scale track imaging light that reaches the
light receiving element such that the aperture is arranged to receive the scale track image light through a portion
of the first lens that includes the first lens off-axis imaging path, wherein the aperture and the light source are
located on opposite sides of a plane including the optical axis of the first lens and the reading direction.

2. The optical encoder according to Claim 1, wherein the first lens has a first focal length defining a first focal plane
which is located at a distance fs from the plane of the first lens along the direction of the optical axis of the first lens,
the aperture plane is located at a distance AP1 from the plane of the first lens along the direction of the optical axis
of the first lens, and 1.2*fs>AP1>0.8*fs.

3. The optical encoder according to claim 1 or Claim 2, further comprising a second lens located at a second lens
plane located between the aperture plane and the plane of the light receiving element, the second lens being
arranged to receive the scale track image light transmitted through the aperture and to image the received scale
track image light onto the light receiving element, wherein the second lens is similarly configured as the first lens
and is oriented such that similarly shaped surfaces of the first and second lenses face in opposite directions along
their respective optical axis direction, and the center of the aperture is separated from an optical axis of the second
lens by an aperture off-axis distance Dap2 in a direction perpendicular to the reading direction and is configured to
define a second lens off-axis imaging path of the scale track imaging light that reaches the light receiving element
such that the aperture is arranged to transmit the scale track image light through a portion of the second lens that
includes the second lens off-axis imaging path.

4. The optical encoder according to Claim 3, wherein the optical axis of the first lens and the optical axis of the second
lens are separated by a distance DL1L2 along the direction perpendicular to the reading direction, and the center
of the aperture is located along the distance DL1L2 between the optical axes of the first and second lenses.

5. The optical encoder according to any one of Claims 1 to 4, wherein 0.8*Dap1<Dsrc<1.2*Dap1.

6. The optical encoder according to Claim 5, wherein the aperture plane is located at a distance AP1, and the light
source plane is located at a distance LSP, from the plane of the first lens along the direction of the optical axis of
the first lens, and LSP<1.2*AP1.

7. The optical encoder According to any of Claims 4 to 6, wherein the first lens has a first focal length defining a first
focal plane which is located at a distance fs from the plane of the first lens along the direction of its optical axis, the
second lens has a second focal length defining a second focal plane which is located at a distance fp from the plane
of the second lens along the direction of its optical axis, the aperture plane is located at a distance AP1 from the
plane of the first lens along the direction of its optical axis and a distance AP2 from the plane of the second lens
along the direction of its optical axis, and 1.2*fs>AP1>0.8*fs.

8. The optical encoder according to Claim 7, wherein the light source plane is located at a distance LSP from the plane
of the first lens along the direction of the optical axis of the first lens, LSP<1.2*AP1, and 1.2*fp>AP2>0.8*fp.

9. The optical encoder according to any one of Claims 6 to 8, wherein 0.7*AP1<LSP<AP1.

10. The optical encoder according to any one of Claims 2 to 7, wherein AP1>1.03*fs.

11. The optical encoder according to any of claims 4 to 10, wherein the first lens and the second lens each comprise
an aspheric lens wherein a first aspheric surface of the first lens and the second lens is a curve that is convex near
the optical axis of its lens and has a slope along the radial direction that increases monotonically as a function of
radius from the optical axis of its lens, and a second aspheric surface of the first lens and the second lens is a curve
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that is convex near the optical axis of its lens and has a slope along the radial direction that increases as a function
of radius over a first radius range including the optical axis of its lens and decreases as a function of radius over a
second radius range that surrounds the first radius range.

12. The optical encoder according to Claim 11, wherein the first aspheric surface of the first lens is arranged farther
from the scale track and the second aspheric surface of the first lens is arranged closer to the scale track.

13. The optical encoder according to Claim 11 or Claim 12, wherein the first and second lens are configured such that
the magnification M of the scale track image on the light receiving element is .75<M<1.25, a ratio of the radius R2
of the second aspheric surface proximate to its optical axis and the radius R1 of the first aspheric surface proximate
to that optical axis is 1.1<[R2/R.1]<1.7, and a ratio of a lens thickness T between the first and second aspheric
surfaces along their optical axis relative to a focal length F of their lens is .7<[T/F]<1.1.

14. The optical encoder according to any of Claims 4 to 13, wherein the scale further includes a
second scale tack, which extends along the reading direction, comprises scale markings and is offset from the first
scale track along a direction perpendicular to the reading direction, and the readhead comprises:

a first arrangement of the light source, the first lens, the aperture, the second lens, and the light receiving
element, and
a second arrangement configured to operate similarly to the first arrangement, the second arrangement com-
prising a second light source, a third lens similar to the first lens, a second aperture, and a fourth lens similar
to the second lens, and a second light receiving element, wherein the second arrangement is offset from the
first arrangement along the direction perpendicular to the reading direction such that it images the second scale
track onto the second light receiving element.

15. The optical encoder according to any of the preceding claims, further comprising a light absorber positioned to
receive light reflected from a portion of the light receiving element where the scale track image is formed and
configured to absorb the received light reflected from the portion of the light receiving element.
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