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Description

Technical Field

[0001] The present invention relates to improved methods of mounting optical rotary joints
on supporting structures such that a rotor and stator remain properly aligned.

Background of the Invention

[0002] This invention provides improvements to various communication devices described
in U.S. Pat. No. 6,980,714, dated December 27, 2005, to K. Peter Lo and Norris E. Lewis,
entitled "Fiber Optic Rotary Joint and Associated Reflector Assembly"”. The communication
devices described in the '714 patent are capable of transmitting data and/or power
(hereinafter sometimes jointly and severally referred to as "communication”) across a
rotary interface, such as between a rotor and a stator.

[0003] For example, computed tomography (CT) scanners require data transmission
across a rotary interface. In order to enable such data transmission, slip rings are
commonly employed. A slip ring has a rotating element that rotates with the rotor, and a
stationary element affixed to the stator. Slip rings were originally designed to support
electrical communication between the rotor and stator. However, as data rates increased,
electrical transmission of the data became impractical. Optical rotary joints were then
developed to support higher data transmission rates across the rotary interface. Optical
communication is capable of transmitting data at much higher rates than prior electrical
communication techniques.

[0004] Previous techniques in optical communication across a rotary interface have
included the use of waveguides (see, e.g., U.S. Pat. No. 6,453,088, dated September 17,
2002, to Norris E. Lewis, Anthony L. Bowman and Robert T. Rogers, entitled "Segmented
Waveguide for Large Diameter Fiber Optic Rotary Joint"; U.S. Pat. No. 6,104,849, dated
August 15, 2000, to Norris E. Lewis, Anthony L. Bowman, Robert T. Rogers and Michael
P. Duncan, entitled "Fiber Optic Rotary Joint"; and U.S. Pat. No. 5,991,478, dated
November 23,1999, to Norris E. Lewis, Anthony L. Bowman, Robert T. Rogers and
Michael P. Duncan, entitled "Fiber Optic Rotary Joint"), optical fibers (see, e.g., U.S. Pat.
No. 6,650,843, dated November 18, 2003, to Georg Lohr, Markus Stark and Hans Poisel,
entitled "Device for the Optical Transmission of Signals"), and free space propagation
(see, e.g., Japanese Pat. Pub. No. 09-308625, dated February 12,1997, to Suzuki
Tatsuro, Teimoshii Aari Fuotsukusu and Tomu Haatofuoodo, entitled "Optical
Transmission System"). The aggregate disclosures of these references are hereby
incorporated by reference with respect to the structure and operation of such prior art
optical rotary joints.

[0005] In CT scanner applications, in which the axis of rotor rotation is sometimes
physically occupied by a patient, off-axis rotary joints are generally employed to transmit
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signals between the rotor and stator. Such off-axis rotary joints generally include one or
more light sources for emitting the optical signals, and arcuate reflectors having channel-
shaped transverse cross-sections that receive such transmitted signals and direct such
received signals to respective light receivers. The optical sources are spaced
circumferentially about one of the rotor and stator, while the reflectors and receivers are
spaced circumferentially about the other of the rotor and stator. The optical sources may
include one or more common light sources, the optical signals from which are directed, as
by optical fibers, to the periphery af the associated one of the rotor and stator, or may be
separate emitting elements mounted about such periphery. For example, the optical
sources may be disposed circumferentially about the rotor, while the multiple reflectors
and receivers may be disposed circumferentially about the stator, thereby supporting
optical communications from the rotor to the stator. In most cases, the path of optical data
transmission across the rotary joint (i.e., between the rotor and stator) is in a radial
direction with respect to the rotor axis. In other words, if light is transmitted from the rotor
to the stator, the light is seen as coming from the rotor axis, for example, regardless of the
physical location of the light source(s).

[0006] In operation, each of the light sources may possibly transmit the same optical
signal. These signals may be transmitted across the rotary interface, and may be received
by one or more of the reflectors and be directed to the associated receivers, depending
upon the angular position of the rotor relative to the stator. In other embodiments, different
optical signals may be transmitted from different light sources, or maybe multiplexed if
coming from the same source.

[0007] While generally effective for permitting optical communication between a rotor and
a stator, conventional off-axis rotary joints that employ such arcuate reflectors with
channel-shaped cross-sections suffer from several shortcomings, especially at higher data
transmission rates. These problems include: (a) the broadening of superimposed pulse
widths due to different-length light transmission paths, and (b) that a greater number of
light sources must be used when transmitting signals into the entrance end of an optical
fiber than when such signals are incident directly upon a photodetector, as discussed infra.

[0008] For example, in conventional off-axis rotary joints, the optical signals may travel
along different-length paths between the various sources and the respective receivers,
thereby introducing time delays in the various received optical signals, when
superimposed. A particular receiver might receive signals from two circumferentially-
adjacent optical sources. If the same optical signal is simultaneously emitted by the two
adjacent sources, but such signals travel different distances to reach the receiver, the
signals will be received at different times. Accordingly, the two signals will be out-of-phase,
and the pulse width of the superimposed signals, as seen by the receiver, will be
effectively broadened. To support communication at the desired high data rates,
conventional off-axis rotary joints have been specifically designed to have less spacing
between the optical sources and the receivers so as to minimize the path lengths of signal
travel. Even so, it is difficult to support error-free data transmission at a data rate above
1.25 Gbit/sec, where the signals travel along different-length paths.

[0009] The aforesaid '714 patent discloses an optical rotary joint and an associated
reflector assembly to provide optical communication between a rotor and a stator. By
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designing the optical rotary joint such that the optical signals travel along paths of equal
path, the pulse width of the superimposed optical signals, as seen by the receiver, will not
be increased.

[0010] To effect this, the '714 patent contemplates that the rotary joint include a reflector
assembly having a concave elliptical reflecting surface, and possibly a hyperbolic reflecting
surface as well. Both shapes are conic-section curves in a Cartesian plane (i.e., defined by
the x-y axes) defined by the general equation:

Ax®+Bxy+Cy*+Dx+Ey+F = 0

where A, B, C, D, E and F are constants. For an ellipse, B < 4AC; for a hyperbola, B® >
4AC. For an ellipse, the sum of the distances from any point on the curve to the two focal
points (F1, F2) is a constant. If the reflecting surface is configured as a portion of an ellipse,
light issuing from one focal point will be reflected by such elliptical reflecting surface
toward the other focal point. However, the total length of the path of light traveling from
one focal point to the other will be a constant, regardless of the specific location of the
point on the elliptical reflecting surface on which the emitted light is incident. Conversely,
for a hyperbolic reflecting surface, the difference between the distances from any point on
the curved reflective surface to the two fixed focal points is a constant.

[0011] The 714 patent discloses several different optical configurations. In some of these,
the received signals are focused directly on a photodiode. In other configurations, the
reflected signals are focused on the entrance end of an optical fiber that communicates
with a photodiode at a remote location. In still other configurations, a focusing lens is
positioned at the entrance end to direct the received signals into the optical fiber.

[0012] However, the acceptance angle of an optical fiber is more limited than that for a
photodiode. The main reason for this is that an optical fiber has a more limited numerical
aperture (NA), than does a photodiode. The more-limited NA of an optical fiber restricts the
approach angle at which light can be directed and guided into the fiber. This, in turn, limits
the design of the reflective surfaces by means of which light may be directed toward the
entrance end of the receiving fiber. This limitation requires, as a practical matter, that a
greater number of light sources be used when the transmitted signals are to be directed
initially into an optical fiber, than when such signals are incident directly on a
photodetector.

[0013] Referring now to the drawings, Figs. 1 and 2 of the present application correspond
substantively to Figs. 1 and 2 of the '714 patent, except for the differences in the reference
numerals. Thus, these figures disclose a prior art optical rotary j oint, generally indicated at
20, in which the various light sources 21 are mounted on the rotor 22. The optical beams
are directed radially outwardly, as if they were coming from focal point F at the rotor's axis
of rotation. The beams are incident on the elliptical reflecting surface 23 of reflector 24,
and are reflected backwardly toward the conjugate focal point F.. However, such reflected
beams are incident on, and are re-reflected forwardly by, hyperbolic reflecting surface 25
positioned between the elliptical reflecting surface and the back focal point B, and such
forwardly-reflected beams are focused on receiver 26 which is located at the conjugate
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focal point C. The back focal point B of hyperbolic reflecting surface 25 is coincident with
conjugate focal point F» of elliptical reflecting surface 23.

[0014] The 714 patent discloses an optical rotary joint that allows the transmission of high
bandwidth optical signals from the rotor to the stator, and vice versa. In the scenario in
which optical signals are transmitted from the rotor to the stator, a number of light sources
are spaced evenly around the periphery of the rotor. The number of light sources required
for continuous transmission of data across the rotary interface depends on the acceptance
angle, 6, of the elliptical reflector. The acceptance angle 6 is defined as the angle of the
elliptical reflective surface, measured from the center of the rotor within which the light rays
from the source can be directed and guided into the receiver. The acceptance angle fis a
function of the optical path length and the acceptance angles ¢ of the receiving fiber or
photodetector (as appropriate), where:

$=2 x sin™ (NA)

[0015] To insure that optical communications can be continuously transmitted, at least one
optical source has to be within the acceptance angle of the elliptical reflector at all relative
angular positions of the rotor and stator. For example, if the receiving fiber has an NA of
0.37, the acceptance angle ¢ of this configuration is 13.6°, as shown in Fig. 3. Beyond the
limits of this acceptance angle, the optical signals simply attenuate in the cladding layer of
the fiber, and do not reach the photodetector. To populate the rotor circumference with
evenly-spaced light sources such that at least one source is within the acceptance angle of
the receiving fiber at all such relative angular positions, at least twenty-seven sources are
required (i.e., 360°/13.6° = 26.47 = 27 sources).

[0016] On the other hand, if a photodetector is used as the receiver, and if the
photodetector has an NA of 0.74 such that its acceptance angle ¢ is widened to 32°, then
only twelve circumferentially-spaced light sources are needed to populate the rotor so as
to assure continuous communication (i.e., 360°/32° = 11.25 = 12 sources). Depending on
the particular design of the photodiode package, the acceptance angle can be as high as
140° (NA = 0.94).

[0017] Thus, to reduce the number of sources and to reduce cost and system complexity,
it would be more advantageous to have the received signals are incident directly on a
photodetector, rather than be first directed into the entrance end of an optical fiber for
transmission therealong to a remotely-located photodetector. Moreover, a shorter path
length to the photodetector is also desirable to reduce angular tolerance issues in a
production environment.

[0018] Referring now to Fig. 4 of the present application, which substantively corresponds
to Fig. 4 of the '714 patent except for the differences in the reference numerals, the'714
patent also discloses an embodiment, generally indicated at 28, in which a single elliptical
reflector 29 is used (i.e., without a cooperative hyperbolic reflector), and the conjugate
focal point F; lies radially outside of the rotor. In this arrangement, reflector 29 has an
elliptical reflective surface 30 operatively arranged to focus the beams emanating radially
outwardly from sources 31 into the entrance end of an optical fiber 32 that communicates
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with a remotely-located photodetector (not shown). The entrance end of the optical fiber is
coincident with the conjugate focal point F» of the elliptical reflector.

[0019] If the reflected light is directed into optical fiber 32, the limited NA of the receiving
fiber again requires that a large number of light sources to be spaced equally about the
circumference of the rotor. For example, when the NA of the fiber is 0.37, using
geometrical analysis, the acceptance angle of the reflector, 6, is 9.7°, with an optical path
length of 210 mm from the edge of the rotor to the receiver. To populate the rotor such that
continuous transmission of data from the rotor to the stator is assured, at least thirty-eight
light sources are required (i.e., 360°/9.7° = 37.11 = 38 sources).

[0020] These two examples demonstrate that when the reflected light beams are incident
directly on a receiver having a larger NA, such as a photo detector as opposed to the
entrance end of an optical fiber leading to the receiver, the number of light sources, and
hence the cost and complexity of the system, may be reduced.

[0021] While the fiber optic rotary joint in the '714 patent can enable high data
transmission across a rotary interface, it would be desirable to provide improved versions
of such constant-path-length fiber optic rotary joints that are capable of transmitting optical
signals at rates greater than about 1.25 Gbit/s, that have lower insertion losses, that are
more compatible with the use of optical fibers leading to remote receivers, that use smaller
numbers of light sources, and that have minimum optical path lengths.

Disclosure of the Invention

[0022] According to the invention there is provided a method of mounting an optical rotary
joint on a supporting frame, comprising the steps of: providing a tooling plate having an
annular inner portion provided with a plurality of circularly-spaced radially-extending V-
grooves, and having an arcuate outer portion provided with a plurality of circularly-spaced
pockets, each pocket being adapted to receive a reflector assembly in a predetermined
position relative to the proximate V-grooves; providing a plurality of optical reflector
assemblies; placing an optical reflector assembly in each pocket; providing a plurality of
assembled optical collimators, each assembled optical collimator having a fiber and a
collimator assembly; placing said plurality of assembled optical collimators in said tooling
plate V-grooves; testing the integrity of the optical connection between said fiber and
collimator assembly and the proximate optical reflector assembly; providing a stator
segment; placing said stator segment on said optical reflector assemblies; mounting the
optical reflector assemblies to the stator segment to form an assembled stator; removing
the said assembled stator from the tooling plate; placing cylindrical gauge pins in at least
some of said V-grooves; providing a plurality of rotor segments, each rotor segment having
a plurality of circularly-spaced radially-extending V-grooves; placing said rotor segments
such that said gauge pins are received in said rotor segment V-grooves; joining said rotor
segments to form an assembled rotor; removing said assembled rotor from said tooling
plate; inverting said assembled rotor; providing a plurality of fiber and collimator
assemblies; mounting said fiber and collimator assemblies in said assembled rotor V-
grooves; providing a plurality of brackets; attaching said assembled rotor to said
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assembled stator using said brackets; mounting said assembled rotor to said assembled
stator on said supporting frame; and removing said brackets; thereby to mount said
assembled rotor and stator on said supporting frame in the desired alignment with respect
to one another.

[0023] An object is to provide an improved method of mounting an optical rotary joint on
supporting structure so as to maintain a desired alignment between the rotor and stator.

[0024] These and other objects and advantages will become apparent from the foregoing
and ongoing written specification, the drawings, and the appended claims.

Brief Description of the Drawings

[0025] Fig. 1 is a schematic representation of a prior art optical rotary joint including a
reflector assembly having an elliptical reflector and a hyperbolic reflector, this view being
substantially the same as Fig. 1 of the "714 patent, but for the differences in the reference
numerals.

[0026] Fig. 2 is a fragmentary sectional view thereof, taken generally on line 2-2 of Fig. 1,
this view being substantially the same as Fig. 2 of the "714 patent, but for the differences
in the reference numerals.

[0027] Fig. 3 is a top plan view of the prior art optical rotary joint shown in Figs. 1 and 2,
this view showing the limited acceptance angle of the elliptical reflective surface for a
receiver using an optical fiber.

[0028] Fig. 4 is a schematic representation of another form of prior art optical rotary joint
that includes an elliptical reflector arranged to reflect light emanating from a source at focal
point F+ to the entrance end of an optical fiber positioned at focal point Fo, this view being
substantially the same as Fig. 4 of the '714 patent, but for the differences in the reference
numerals.

[0029] Fig. 5 is a schematic perspective view of the improved optical rotary joint, showing
the transmitting optics as transmitting optical signals to an elliptical reflector, at which they
reflected to a conical reflector, for re-reflection upwardly through a train of lenses toward
the entrance end of an optical fiber communicating with a photodetector.

[0030] Fig. 6 is a schematic perspective view of the improved optical rotary joint, similar to
Fig. 5, in which the optical signals reflected back by the elliptical reflective surface are
focused on an arcuate slab communicating with the distal divergent ends of a fan-shaped
fiber array.

[0031] Fig. 7 is a schematic view showing the wider acceptance angle for the received
signal in Fig. 5.
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[0032] Fig. 8 is a schematic view of the architecture for transmitting data at the rate of 80
Gbit/sec through the improved optical rotary joint.

[0033] Fig. 9 is a schematic view of the electronic implementation to switch the optical
signal at different rotor positions, for carrying a large data transmission rate across the
rotary interface.

[0034] Fig. 10 is a schematic view showing the use of a buffer/multiplexer to achieve
channel selection.

[0035] Fig. 11 is a schematic view showing the use of a crosspoint switch to achieve
channel selection.

[0036] Fig. 12 is a perspective view of one form of an improved optical reflector assembly.

[0037] Fig. 13 is a perspective view of the tooling plate for use in assembling the improved
optical rotary joint, this view showing the annular inner portion and the arcuate outer
portion provided with five pockets to receive the reflector assemblies.

[0038] Fig. 14 is a perspective view, similar to Fig. 13, but showing the optical reflector
assemblies as having been placed in the tooling plate outer portion pockets.

[0039] Fig. 15 is a perspective view, similar to Fig. 14, but showing the gauge pins as
having been placed in the V-grooves and the stator segment as having been placed over
the reflector assemblies.

[0040] Fig. 16 is a perspective view, similar to Fig. 15, but showing the four rotor segments
as having been placed on the gauge pins of the tooling plate inner portion, and having
been joined together to form an assembled rotor.

[0041] Fig. 17 is a perspective view, similar to Fig. 16, but showing the rotor as having
been inverted and secured to the stator assembly using brackets.

[0042] Fig. 18 is a schematic view showing the use of a wavelength division multiplexing
technique to multiply the bandwidth of the data transmitted through the improved optical
rotary joint.

Description of the Preferred Embodiments

[0043] At the outset, it should be clearly understood that like reference numerals are
intended to identify the same structural elements, portions or surfaces consistently
throughout the several drawing figures, as such elements, portions or surfaces maybe
further described or explained by the entire written specification, of which this detailed
description is an integral part. Unless otherwise indicated, the drawings are intended to be
read (e.g., cross-hatching, arrangement of parts, proportion, degree, etc.) together with the
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specification, and are to be considered a portion of the entire written description of this
invention. As used in the following description, the terms "horizontal”, "vertical", "left",

"right", "up" and "down", as well as adjectival and adverbial derivatives thereof (e.g.,
"horizontally", "rightwardly", "upwardly", etc.), simply refer to the orientation of the
illustrated structure as the particular drawing figure faces the reader. Similarly, the terms
"inwardly" and "outwardly" generally refer to the orientation of a surface relative to its axis

of elongation, or axis of rotation, as appropriate.

[0044] In one aspect, an improved optical rotary j oint of the constant-path-length elliptical-
reflector-based type disclosed in the 714 patent, but having another and different element,
namely, a second reflector having a second reflective surface configured as a portion of a
cone, is disclosed herein. The addition of this second reflector enables the improved
optical rotary joint: (1) to transmit optical signals at a higher efficiency, (2) to facilitate the
transmission of such optical signals into the entrance end of an optical fiber, (3) to allow
the number of light sources to be reduced, and (4) to reduce the optical path length from
the light sources to the receiver.

[0045] While it is still acceptable to use a photodetector as the receiver in high data rate
transmission through the rotary joint, it is sometimes desirable, such as in an electrically-
noisy environment, to first direct the transmitted signals into the entrance end of an optical
fiber that communicates with a remotely-located receiver. It is also desirable to enlarge the
acceptance angle for such receiving optical fibers such that smaller number of light
sources may be used. A reduction in the number of light sources will lower the
manufacturing cost of the improved optical rotary joint. Thus, improved optical rotary joints
with associated optical assemblies, electronics, and manufacturing methods to transmit
optical data through the rotary interface into the entrance end of an optical fiber at an
increased acceptance angle, with a reduced path length, and at an increased coupling
efficiency, are disclosed herein.

[0046] In another aspect, an improved optical rotary joint in which light reflected from an
ellipsoidal reflective surface is focused onto an optical slab communicating with the distal
divergent ends of a fan-shaped fiber array having a plurality of optical fibers having
closely-adjacent divergent entrance ends positioned proximate the second focal point, and
having exit ends arranged to guide light toward the receiver, is disclosed herein.

[0047] In another aspect, improved optical reflector assemblies for use in such optical
rotary joints, are disclosed herein.

[0048] The invention provides improved methods of assembling an optical rotary joint in an
optically-aligned manner, and of mounting such assembled joint on a supporting structure
while preserving and maintaining such optical alignment.

[0049] These various aspects will be discussed seriatim herebelow.

Improved Optical Rotary Joints (Figs. 5-6)
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[0050] Fig. 5 is a conceptual schematic of an improved optical rotary joint that is used to
provide optical communication across a rotary interface, such as between a rotor and a
stator, as previously described. In Fig. 5, the improved optical rotary joint, generally
indicated at 35, as depicted as having an optical source 36 mounted on the rotor, a first
reflector 38 mounted on the stator, a second reflector 39 also mounted on the stator, and a
light receiver including a series of lenses 40 communicating with an optical fiber 41 that
leads to a remotely-located photodetector (not shown). In Fig. 5, the light source is
depicted as being distal end of an optical fiber 42. The light rays are shown as diverging
outwardly from the fiber end, and then passing through a collimator lens 43. After passing
through lens 43, the individual rays are slightly diverging as if coming from the focal point,
F1 and are directed at the first reflective surface 44 of first reflector 38. This first reflective
surface is preferably configured as a portion of an ellipsoid, in that it has compound
curvature in each of two orthogonal axes (i.e., x-y, and y-z). The first curvature, depicted
by imaginary line L going from end to end in the horizontal direction (i.e., in the x-y plane),
is configured as a portion of an ellipse having first and second focal points, Fy and F»,
respectively. However, the first reflective surface is also curved in the vertical direction
(i.e., in the y-z plane). The compound curvature of the first reflective surface cooperates
such that light reflected from an area on first reflective surface 44 converges toward a
point-like spot on second reflector 39.

[0051] In the disclosed examples, the second reflective surface 45 on second reflector 39
is conical. However, the second reflective surface could possibly be frusto-conical, or
some other portion of a cone. As indicated above, the area of light incident on the second
reflective surface is smaller than the area of light incident on the first reflective surface,
owing to the compound curvature of the elliptical reflective surface. In the disclosed
example, the conical second reflective surface 45 has an apex angle of about 45°. Hence,
light incident on second reflective surface 45 is directed upwardly into the train of lenses,
indicated at 40. This train may include two plano-convex lenses, two aspheric lenses, a
lens and a holographic element, or some other combination of lenses and/or other optical
elements. In any event, the function af this train of lenses is to focus light into the entrance
end of optical fiber 41, which conveys the light to a distant photodetector (not shown).

[0052] The elliptical first reflective surface 44 has first and second focal points, F4, F», that
lie in the plane of line L. The first focal point F+ is positioned substantially coincident with
the axis of the rotor. The second focal point F; is positioned along the axis of the cone 39.
Thus, beams seen as originating at first focal point F4, are incident on the elliptical
reflective surface 44, and are reflected to converge towards the conjugate focal point F»
inside the cone 39. The second reflective surface further reflects the light upwardly in a
direction normal to the rays of light incident thereon.

[0053] The second reflector cone may be made of glass, plastic or metal, and may be
coated to reflect the maximum amount of light. An optical subassembly is placed above
the reflective cone to focus the light into a receiver. The receiver can be a photodetector or
an optical fiber. A cone is effective because it collects light from a large area (i.e., the area
of the first reflective surface on which the collimated light beams are incident), and directs
it upwardly toward the receiver. This convergence and change-in-direction overcomes the
traditional limited-acceptance angle of an optical fiber, and allows the receiving fiber to
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accept light signal from the extended area of the elliptical reflective surface. In the
disclosed example, the second reflector is configured as a cone, and has an apex angle of
45° such that the light rays will be reflected in a direction perpendicular to the direction of
the rays incident thereon. While preferred, this arrangement is not invariable. In
appropriate cases, the second reflective surface might possibly be frusto-conical and/or
might have an apex angle of other than 45°.

[0054] The optical subassembly that focuses light from the cone toward the receiver may
include a train of lenses, or a combination of lenses and a holographic element. In Fig. 5,
two plano-convex lenses are used to focus the reflected beam from the cone into an
optical fiber. This optical subassembly can also consist of a lens and a volume hologram
that diffracts light into the receiving fiber. Alternatively, the subassembly can be an array of
ball lenses arranged around the axis of the cone. If the receiver needs to be mounted
horizontally, a right-angle prism can be mounted between the two lenses to turn the
further-reflected beams from the cone by 90°. If the light needs to be directed at some
other angle, then a mirror, a prism of some other appropriate shape, or the like, may be
used.

[0055] Fig. 6 is a variant form of the improved optical rotary joint. In this form, the light
reflected from the ellipsoidal first reflective surface 44 is focused to converge on the
arcuate slab that communicates with the divergent ends of a fan-shaped array of optical
fibers. Light entering these fibers is directed therealong, and is discharged at the
convergent ends thereof through a collimating lens 48 to a photodetector 49.

[0056] There are many advantages of these improved optical rotary joints. Such devices
have substantially constant optical path lengths from the source to the receiver that are
independent of the relative positions of the rotor and stator. This constant path length
enables multiple optical signals to be superimposed in the receiver without phase
distortion. When a higher data transmission rate is desired and lasers that support such a
higher data rates do not have sufficient power, multiple optical sources can be stacked to
increase the optical power reaching the photodetector.

[0057] Moreover, the improved optical rotary joint is independent of both the wavelength
and the data transmission rate of the signals. The selection of the wavelength for use with
this device depends on the availability of the laser source, the photodetector, and the
optical fiber that carries the optical signal. However, the improved optical rotary joint itself
is data transmission rate-independent, and data transmission rates ranging from DC
through high gigabit/second can be used. Finally, wavelength division multiplexing can be
used to transmit multiple optical channels across the rotary joint when even higher data
rates are desired.

[0058] The improved optical rotary joints disclosed herein have additional benefits over the
device described in the '714 patent. The improved joints: (a) reduce the variation of light
intensity variation incident on the face of the receiver, (b) reduce the effect of the
acceptance angle of the elliptical reflector, (c) allow the use of an optical fiber ahead of the
photodetector, and (d) reduce the optical path length.

[0059] These advantages are illustrated in Figs. 7 and 8. In Fig. 7, an optical reflector
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assembly, generally indicated at 46, is schematically shown as including an ellipsoidal first
reflective surface 44 and a conical second reflective surface 45, as previously described.
Light signals are generated from sources 42. In Fig. 8, these various signal-transmitting
light sources are severally indicated at TX1, TX2, ..., TX18, and the various optical
reflector assemblies are severally indicated at CH1, CH2,..., CH16, there being one
reflector assembly per channel.

[0060] In a simple elliptical reflector configuration, such as disclosed in Fig. 1 of the 714
patent, the position of the light source relative to the elliptical reflector produces reflected
beams with different angles of incidence on the receiver. A beam incident on the elliptical
reflector near its edge converges at a greater angle of incidence with respect to the normal
to the surface of the receiver, than do those at near the center. Since the sensitivity of the
receiver drops off as a function of the angle of incidence (i.e., the angle which the incident
beam makes with a line normal to the surface on which the beam is incident), a beam with
a larger angle of incidence causes the receiver to generate a smaller output signal.

[0061] As disclosed herein, the elliptical first reflecting surface is preferably a portion of an
ellipsoid. Hence, the compound nature of this ellipsoidal surface focuses the area of light
incident thereon to a spot on the conical second reflective surface, as shown in Fig. 5. The
light converging toward this spot is further reflected upwardly toward the receiver. Hence,
the further-reflected signal does not show a meaningful change in the angle of incidence at
the receiver at different locations of the source relative to the stator. As a result, the signal
detected by the receiver is substantially independent of the angle of incidence of light
incident on elliptical first reflective surface 44, and is substantially independent of the
position of the rotor relative to the stator. As a result, the number of sources used around
the rotor can be reduced and minimized, The reduced drop off near the edges of the
elliptical reflector is important because this helps to improve the minimum signal produced
by the photodetector. The photo detector produces a minimum signal when a beam from
one light source is just about to leave the reflector and a beam from an adjacent light
source is just entering into the reflector. An increase in overlapping near the edges of the
reflector increases the amplitude of the superimposed light signals, and hence the signal
produced by the detector, and thus reduces the number of sources needed in the
improved optical rotary joint.

[0062] An additional advantage is in allowing the use of an optical fiber upstream of the
receiver. In the'714 patent, use of an optical fiber ahead of the receiver was seen to be
hampered by the limited NA of the fiber. As described herein, the improved compound
elliptical reflective surface focuses the reflected light to a spot on the second reflective
surface. The conical reflector surface is used to turn the reflected beams from the elliptical
reflector toward the receiver. Through the use of the cone reflector, the angle of incidence
with respect to the normal of the receiver surface is substantially constant throughout the
entire angle subtended by the elliptical reflector. An additional optical subassembly above
the cone may be used to focus the convergent reflected beams into the entrance end of
the receiving fiber. The use of such an optical fiber can be particularly useful in areas
where a high degree of electrical noise is present at the rotary interface, or when it is
desirable for remote detection of the signal. The use of a cone reflector enlarges the
effective acceptance angle of the rotary joint. As shown in Fig. 7, the acceptance angle for
the rotary joint is increased to about 21.4° With this larger acceptance angle, a minimum
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of seventeen light sources is needed for continuous transmission of signal across the
rotary interface (i.e., 360°/21.4° =16.82 = 17 sources).

[0063] The third advantage of using the cone reflector is in reducing the optical path
length. Using geometric analysis, the optical path length in the configuration shown in Fig.
7 is about 120 mm, which is significantly less than optical path lengths (i.e, about 248 mm)
in the configurations of Figs. 1 and 4. The reduced optical path length reduces the
sensitivity of the improved optical rotary joint to misalignments.

[0064] By insuring that the optical path length is substantially constant throughout the
entire angle occupied by the elliptical reflector and that sufficient optical power is directed
into the receiving fiber through the reflection from the cone, the optical rotary joint as
disclosed herein can support data transmission at data rates of 5.0 Gbit/sec or more per
channel. One data channel consists of one elliptical reflector, a cone reflector, a
subassembly ofreceiving optics, a receiving fiber, and a high speed photodetector. Using
an array of data channels and the technique of switching data carried by the sources
around the rotor, very high data transmission rates can be achieved. An example is
provided in Fig. 8, in which sixteen data channels are arranged around the circumference
of the rotary interface. Each of the data channels can carry optical data at a rate of 5.0
Gbit/sec. By summing the sixteen data channels, an optical rotary joint capable of passing
80 Gbit/sec (i.e., 16 channels x 5.0 Gbit/sec/channel = 80 Gbit/sec) can readily be
achieved using the present architecture.

[0065] For example, as shown in Fig. 8, a fiber optic rotary joint includes eighteen sources,
TX1 through TX18, respectively, spaced equally around the circumference of the rotor at
nominal interval angles of 20°. The sources can emit the same optical signal, or different
optical signals, as desired. In order to transmit the maximum amount of data across the
rotary interface, most of the sources carry different signal streams. The stator in the
improved optical rotary joint is divided into sixteen sectors. A sector contains one data
channel, and the sector boundaries are marked by the radial hash marks shown in Fig. 8.
Before a source enters a waveguide, it is selectively switched to provide the optical signal
for that particular data channel. For example, source TX1 carries the optical data for
channel CH1, sourceTX2 carries a different set of data for channel CH2, and so on. Where
two sources are within one sector, both sources are switched to carry the same data
signal. For example, in Fig. 8, sources TX5 and TX6 both carry the same signal for
channel CH5. Because of the constant path length property of the rotary interface, the
optical signals from sources TX5 and TX6 can be superimposed constructively, and the
detector receives a stronger in-phase signal from the two sources. Thus, the superposition
of the two signals improves the quality of the superimposed amplitude-summed optical
signals by increasing the optical intensity ofthe two separate in-phase signals arriving at
the photodetector.

Electronic Switching (Figs. 9-11)

[0066] Fig. 9 illustrates the manner by which the improved optical rotary joints may be
utilized to transmit data at a high transmission rate. Upstream of the optical rotary joint, an
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80 Gbit/sec signal is divided or deconstructed into sixteen 5.0 Gbit/sec signal streams
utilizing conventional digital electronics. The sixteen 5.0 Gbit/sec signal streams are routed
via the channel selector to different respective groups of optical sources, TX1 through
TX18, respectively, for transmission across the rotary joint to sixteen receivers, RX1
through RX16, respectively. If more than eighteen optical sources are used, then more
than sixteen transmission channels can be established. After the signals have been
received, they are reconstructed to re-form the original 80 Gbit/sec signal.

[0067] The optical rotary joint of this example may include an angular position encoder to
track the location of the rotor relative to the stator such that the channel selector can
appropriately switch the various 5.0 Gbit/sec signal streams to their respective sources.
Thus, the fiber optic rotary joint as disclosed herein can readily transmit optical signals at
extremely high data rates.

[0068] It is important to note that a 5.0 Gbit/sec signal is not the bandwidth limit ofthe
rotary joint. In fact, any data rate up to 5 Gbit/sec could be utilized and when the
electronics are readily available, data rates of 10 Gbit/sec and higher can be implemented.

[0069] In another example, the transmitter could accept a plurality of lower data rate
signals, which are then multiplexed together to achieve a higher data rate around 5
Gbit/sec. This data stream could be sent across the rotary joint and reconstructed into the
lower data rate signals.

[0070] Two approaches are available for causing the channel selector to switch the
sixteen channels of source signals to the eighteen optical sources around the rotor. The
first approach involves a buffer/multiplexer method as described in the U.S. Pat. No.
6,385,367. A schematic of this method is shown in Fig. 10.

[0071] According to this approach, each of the sixteen signals is fed into a separate 1-to-
18 buffer, which fans out the input signal into one ofthe eighteen multiplexer (MUX)
channels. Eighteen MUX channels having sixteen inputs are employed to receive the
inputs from each of the buffer chips. The rotor position encoder provides the locations at
which the lasers are switched to carry data from another input signal stream.

[0072] While this approach generally works, when the number of input channels increases,
the number of interconnections between the fanout/buffer chips to the MUX chips
increases significantly. For example, if there are M input signal streams and the number of
sources around the rotor ring is N, the number of interconnections (N interconnects) iS:

N interconnects = ZMXN

[0073] The increase in the number of interconnections increases the complexity of the
printed circuit board, and further spatially separates the chips which may introduce wave-
fonn distortion because of the length of the transmission lines. The large number of buffers
and other ICs increases the amount of propagation delay variation that is observed
between the various paths. When these signals are added together at the optical detector,
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the variation in propagation delay causes the waveform to be distorted and the observed
eye pattern to close.

[0074] Another approach for channel selection can be achieved by using a non-blocking
crosspoint (crossbar) switch, as shown in Fig. 11. An MxN crosspoint switch has the
advantage that all the interconnections is based on crosspoint switches, and the
interconnections are all integrated into the chip. Thus, no external interconnections are
needed. An MxN crosspoint switch has the ability to spatially connect any one of the M
inputs to any of the N outputs, and its functional schematic is shown in Fig. 11. A non-
blocking switch insures that all inputs can be connected to the respective outputs, and no
transmission will be blocked by the other connections. The multicast capability enables
one input to connect to multiple outputs at the same time, while insuring each output is
connected to only one input.

[0075] A number of advantages result from use of a crosspoint switch. These include
reducing the board size and chip count, reducing power consumption, and minimizing
signal distortion. For example, in a typical four-input channel transmitter board, by
employing a crosspoint switch over the buffer/MUX approach, the size of the board may be
reduced by about 30%, the number of chips may be reduced by over 20%, amd the power
consumption may be reduced by more than 40%. Because of the integration of the
switches into one die, the crosspoint switch generally minimizes the signal distortion and
reduced jitter, as compared to the buffer/MUX approach. In fact, the variation in
propagation delay in the crosspoint switch-based transmitter can be reduced by over 80%
over the buffer/MUX approach. This allows higher data transmission rates through the
rotary interface. Another benefit of the crosspoint switch is the added flexibility of
transmitted data patterns. Because the crosspoint switch is transparent to data rates and
protocol, multiple transmission channels can be established with each carrying a unique
protocol at various data rates.

Improved Optical Reflector Assemblies (Fig. 12)

[0076] Referring now to Fig. 12, an improved optical reflector assembly is generally
indicated at 50. The improved reflector assembly is shown as having three plate-like
members sandwiched together, as described infra. The first or middle member 51 is
shown as having an ellipsoidal reflective surface 52, as previously described. This
intermediate member has a planar upper surface and a planar lower surface.

[0077] The reflector assembly also includes a lower second member 53. This is also a
plate-like member, and has a planar upper surface engaging the planar lower surface of
the intermediate first member 51. The second member 53 is shown as supporting a fourth
member 54 having a conical reflective surface 55. The second focal point of the ellipsoidal
surface is substantially located on the axis of the cone object 54. The reflector assembly is
further shown as including a plate-like third member 56. This third member has a planar
lower surface that engages the planar upper surface of intermediate member 51. The third
member is shown as supporting the receiving optics, generally indicated at 58, which
communicates via an optical fiber 59 with a remotely-located photo detector (not shown).
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The receiving optics may be a series or train of lens, to focus light into the entrance end of
fiber 59.

[0078] The improved optical reflector assembly is thus simple to manufacture and
construct. Of course, care must be taken in forming the ellipsoidal reflective surface 52 on
the first member. The lower second member is shown as providing a support for the
conical reflector, and the upper third member is shown as providing a suitable support for
the receiving optics, which are aligned with the conical reflector. The device shown in Fig.
12 operates substantially as previously described. The ellipsoidal surface as a first focal
point which is substantially coincident with the rotary axis. Thus, light which is seen as
coming from the rotor axis, can be reflected from surface 52 to a spot on conical reflective
surface 55, and then be re-reflected upwardly through the receiving optics into optical fiber
59. The device shown in Fig. 12 will operate substantially as schematically shown in Fig. 5.

Improved Mounting Methods (Figs, 13-17)

[0079] Referring now to Figs. 13-17, this invention provides improved methods of
assembling an optical rotary joint, and mounting such an assembled rotary joint on a
supporting frame.

[0080] This method begins with the provision of a tooling plate, generally indicated at 60,
having an annular inner portion 61 provided with a plurality of circularly-spaced radially-
extending V-grooves, several indicated at 62, and having an arcuate outer portion 63
provided with a plurality of circularly-spaced pockets, severally indicated at 64. Each
pocket is adapted to receive a reflector assembly, such as previously indicated at 50 in
Fig. 12, and to hold position such reflector assembly in a predetermined position relative to
the proximate V-grooves. Thus, Fig. 13 simply depicts the upper surface of the tooling
plate. Great care is taken in machining the tooling plate, and this assembly is preferably of
a unitary one-piece construction.

[0081] The next step then is to provide a plurality of optical reflector assemblies, such as
indicated at 50 in Fig. 12.

[0082] Referring now to Fig. 14, the next step then is to physically place an optical
reflector assembly 50 in each pocket. The pockets are preferably machined such that the
optical reflector assembly will be received in only one way, and that the reflector assembly
will be properly oriented with respect to the V-grooves on the tooling plate inner part.
Continuing to refer principally to Fig. 15, a stator segment 69 is then provided, and this is
placed on top of the optical reflector assemblies. The optical reflector assemblies are then
mounted to the stator segment to form an assembled stator. The assembled stator is now
removed from the tooling plate.

[0083] The next step then is to place cylindrical gauge pins in at least some of the tooling
plate V-grooves, as shown in Fig. 15. The various gauge pins are indicated at 65.

[0084] Thereafter, a plurality of rotor segments, severally indicated at 66 are provided.
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These are positioned on top of the tooling plate inner part. Each rotor segment has a
radially-extending V-groove that is adapted to be aligned with the V-grooves in the tooling
plate. Thus, as the various rotor segments are placed on the cylindrical gauge pins, they
will be properly orientated with respect to one another.

[0085] Thereafter, the rotor segments are joined to form an assembled rotor, generally
indicated at 68 in Fig. 16.

[0086] The assembled rotor is then removed from the tooling plate, and the gauge pins are
removed from the tooling plate V-grooves. The assembled rotor is then inverted, and
attached to the assembled stator through the use of a plurality of precision machined
brackets. A plurality of fiber and collimator assemblies are then provided, and these are
mounted in the assembled rotor V-grooves.

[0087] The assembled rotor and stator segment are thereafter mounted on a supporting
frame, such as on the gantry of a CT-scan machine. Thereafter, the brackets are
subsequently removed such that the assembled rotor and stator will be mounted on the
supporting frame in the desired alignment with respect to one another.

[0088] If desired, the method may comprise the additional steps of placing a test fiber and
collimator assembly in one of the tooling plate V-grooves in Fig. 14; and testing the
integrity of the optical connection between this optical fiber and collimator assembly and
the proximate reflector assembly before removing the assembled stator from the tooling
plate.

Wavelength Division Multiplexing (Fig. 18)

[0089] The fiber optic rotary joint as disclosed herein also supports the transmission of
optical signals having different wavelengths, as depicted in Fig. 18. In this example, the
fiber optic rotary joint includes two or more lasers or other light sources for providing
optical signals having different respective wavelengths. The optical rotary joint of this
example may also include separate same-length optical fibers for transmitting the different-
wavelength optical signals from the respective lasers or other light sources to the rotary
interface. Alternatively, the optical source may include a fiber coupler, as also shown in
Fig. 18, for combining the optical signals having different wavelengths such that the
combined optical signals can be transmitted to the rotary interface by means of a common
optical fiber.

[0090] In this example in which optical signals having different wavelengths have been
combined, the receiver may be configured to include a splitter, such as a dichroic filter, for
separating the different-wavelength optical signals, and to include a plurality of
photodiodes or other detectors for receiving the separated optical signals. In the
embodiment in which the receiver is remote from the rotary interface, the different-
wavelength optical signals propagate along a common optical fiber prior to being
collimated, such as by a collimating lens, and then split in accordance with the wavelength
of the optical signals.
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[0091] By utilizing wavelength multiplexing, the bandwidth may be increased without
increasing the modulation rate of the optical sources. Since the costs associated with
increasing the modulation rate of the optical sources maybe substantial at larger data
rates, the inclusion of two or more sets of lasers or other sources that provide optical
signals with different wavelengths may sometimes be more economical. Using this
technique, an optical rotary joint capable of transmitting data at a rate on the order of 160
Gbit/sec can be achieved by using two wavelengths.

Modifications

[0092] As described below, various changes and modifications may be made. For
example, the first reflective surface should be configured as a portion of an ellipse having
first and second focal points. This surface is preferably configured as a portion of an
ellipsoid in that it has a compound curvature in two perpendicular orthogonal axes, such
that the area on the ellipsoidal surface on which light is incident will be reflected toward,
and will converge at a spot on the conical reflector.

[0093] As used herein, the second reflector is shown as being a cone, and has a 45° apex
angle. However, this is not invariable. In some situations, the second reflector may be
frusto-conical, or may have some other configuration of a portion of a cone. In any event,
the salient here is that the function of the conical reflector is to re-reflect light in a different
direction toward receiving optics, which may include a train of lenses or the like.
Alternatively, the re-reflected light maybe incident directly on the operative surface of a
photo detector.

[0094] The various materials of construction may be changed, as will be readily
appreciated by persons skilled in this art. The various reflective surfaces may be coated
and/or polished to provide a high degree of reflectivity.

[0095] Therefore, while several aspects and examples have been shown and described,
and various modifications thereof suggested and discussed, persons skilled in this art will
readily appreciate that various additional changes and modifications may be made.
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Patentkrav

1. Fremgangsmade til montering af et optisk drejeled pa en beereramme, om-
fattende de fglgende trin:

(a) at tilvejebringe en veerktgjsplade (60) med en ringformet inderdel (61), der
er forsynet med en flerhed af V-noter (62), der befinder sig i afstand fra hin-
anden langs omkredsen og streekker sig radialt, og med en bueformet yder-
del (63), der er forsynet med en flerhed af lommer (64), der befinder sig i af-
stand fra hinanden langs med omkredsen, hvor hver lomme er tilpasset til at
optage en reflektorenhed i en foruddefineret position i forhold til de proksima-
le V-noter;

(b) at tilvejebringe en flerhed af optiske reflektorenheder (50);

(c) at placere en optisk reflektorenhed i hver lomme;

(d) at tilvejebringe en flerhed af monterede optiske kollimatorer, hvor hver
monteret kollimator har en fiber- og en kollimatorenhed;

(e) at placere flerheden af monterede optiske kollimatorer i V-noterne i vaerk-
tajspladen;

(f) at teste integriteten af den optiske forbindelse mellem fiber- og kollimator-
enheden og den proksimale optiske reflektorenhed;

(g) at tilvejebringe et statorsegment;

(h) at placere statorsegmentet pa de optiske reflektorenheder;

(i) at montere de optiske reflektorenheder pé statorsegmentet med henblik pa
at danne en monteret stator;

(j) at fierne den monterede stator fra vaerktgjspladen;

(k) at placere cylindriske malestifter (65) i mindst nogle af V-noterne;

(I) at tilvejebringe en flerhed af rotorsegmenter (66), hvor hvert rotorsegment
har en flerhed af V-noter, der er anbragt i afstand fra hinanden langs med
omkredsen og straekker sig radialt;

(m) at placere rotorsegmenterne pa en sadan made, at malestifterne optages
i V-noterne i rotorsegmentet;

(n) at forbinde rotorsegmenterne, sa de danner en monteret rotor (68);

(0) at fjerne den monterede rotor fra vaerktgjspladen;
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(p) at invertere den monterede rotor;

(q) at tilvejebringe en flerhed af fiber- og kollimatorenheder;

(r) at montere fiber- og kollimatorenhederne i V-noterne i den monterede ro-
tor;

(s) at tilvejebringe en flerhed af klemmer;

(t) at fastgere den monterede rotor til den monterede stator ved anvendelse
af klemmerne;

(u) at montere den monterede rotor og den monterede stator pa baereram-
men; og

(v) at fijerne klemmerne;

derved at montere den monterede rotor og stator pa baererammen i den on-

skede orientering i forhold til hinanden.

2. Fremgangsmade til montering af et optisk drejeled pa en beereramme ifgl-

ge krav 1, hvor baererammen er udliggeren af en CT-scanningsmaskine.
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Fig. 5
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