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(57) Abréegée/Abstract:

The present invention provides improved non-contacting rotary joints for the transmission of electrical signals across an interface
defined between two relatively-movable members. The improved non-contacting rotary joints broadly include: a signal source (A)
operatively arranged to provide a high-speed digital data output signal; a controlled-impedance differential transmission line (C)
having a source gap (D) and a termination gap (E); a power divider (B) operatively arranged to receive the high-speed digital data
output signal from the signal source, and to supply it to the source gap of the controlled-impedance differential line; a near-field
probe (G) arranged In spaced relation to the transmission line for recelving a signal transmitted across the interface; and receliving
electronics (H) operatively arranged to recelve the signal recelved by the probe; and wherein the rotary joint exhibits an ultra-wide
bandwidth frequency response capabillity up to 40 GHz.
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Fig. 1: Non-Contacting Rotary Joint ("NCRJ") System Diagram

(57) Abstract: The present invention provides improved non-contacting rotary joints for the transmission of electrical signals across
an 1nterface defined between two relatively-movable members. The improved non-contacting rotary joints broadly include: a signal
source (A) operatively arranged to provide a high-speed digital data output signal; a controlled-impedance differential transmission
lime (C) having a source gap (D) and a termination gap (E); a power divider (B) operatively arranged to receive the high-speed digit -
al data output signal from the signal source, and to supply it to the source gap of the controlled-impedance differential line; a near-
field probe (G) arranged in spaced relation to the transmission line for receiving a signal transmitted across the interface; and receiv -
ing electronics (H) operatively arranged to receive the signal received by the probe; and wherem the rotary joint exhibits an ul -
tra-wide bandwidth frequency response capability up to 40 GHz.
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HIGH-SPEED DATA LINK WITH PLANAR NEAR-FIELD PROBE

Cross-Reference to Related Application

[0001] The present application claims the benefit of the earlier filing date of provi-
sional U.S. patent application No. 61/917,026, filed on December 17, 2013.

Technical Field
[0002] This invention relates to improved rotary joints that enable high-speed
wide-bandwidth electrical signal transmissions between two relatively-movable
members (e.g., a rotor and a stator) without the use of sliding electrical contacts

therebetween.

Background Art

[0003] Devices for conducting electrical signals between two members that are
rotatable relative to one another are well known in the art. Such devices, generically
known as rotary joints, include slip-rings and twist capsules, inter alia. Slip-rings are
typically used when unlimited rotation between the members is desired, while twist
capsules are typically used when only limited rotation between the members is re-
quired. |
[0004] Conventional slip-rings typically employ sliding electrical contacts between
the members. These work well in most applications, but have inherent weaknesses
that constrain electrical performance at higher frequencies. The physical construc-
fion of electrical contacts typically presents impedance-matching and bandwidth
constraints that degrade signal integrity. In addition, sliding electrical contacts inher-
ently generate wear debris and micro-intermittencies that complicate the recovery of
data from digital signals and that negatively impact signal integrity and service life.
These issues are exacerbated by fast edge-rise and fast edge-fall times of high-
speed digital signals, which constrain the high-frequency performance of slip-rings.
[0005] Various techniques exist that extend the use of contact-type slip-ring tech-
nologies fo higher frequencies and higher data transmission rates. These tech-

niques are representatively shown and described in the following patents:
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Pat. No. Title

US 6,956,445 B2 | Broadband High-Frequency Slip Ring System

PO S S N

US 7,142,071 B2 | Broadband High-Frequency Slip Ring System

US 7,559,767 B2 | High-Frequency Drum-Style Slip-Ring Modules

‘US 6,437,656 B1 | Broadband High Data Rate Analog And Digital Communication
Link

[0006] Contact-type slip-ring technologies exist that allow high-speed transmis-
sion of digital electrical signals at data transmission rates on the order of 10-gigabits
per second ("Gbps"™). However, the problems inherent in sliding electrical contacts
(e.g., wear debris generation and contact lubrication issues) present long-term con-
straints to reliability.

[0007] The present invention enables the transmission of high-frequency electri-
cal signals between a rotor and stator without sliding electrical contacts. The follow-
iIng patents disclose aspects of existing non-contacting rotary joint systems:

Pat. No. Title

US 5,140,696 A | Communication System For Transmitting Data Between A
Transmitting Antenna Utilizing Strip-Line Transmission Line And
A Receive Antenna In Relative Movement To One Another

US 6,351,626 B1 | System For Non-contacting Of Electrical Energy Or Electrical
Signals

US 6,433,631 B2 | RF Slipring Receiver For A Computerized Tomography System

US 6,798,309 B2 | Arrangement For Transmitting Electrical Signals And/Or Energy
Between Parts That Can Be Rotated In Relation To Each Other

US 6,614,848 B2 | Device For Transmitting Signals Between Moving Parts

US 7,466,791 B2 | Data Transmission System For Computer Tomographs

US 7,880,569 B2 | Rotating Data Transmission Device

[0008] Such non-contacting systems include devices to recover electromagnetic
energy transmitted across space between a signal source and a signal receiver. In
radio frequency ("RF") communications systems, such devices are called antennas
(or antennae), and typically operate in the classical far-field electromagnetic radiation
of free space. In contrast, the present invention provides rotary joints that utilize the
electromagnetic near-field to effect electrical communications across very short dis-
tances. Devices that recover energy from the electromagnetic near-field are termed
“field probes”, or simply "probes”.

[0009] Devices intended to function in the reactive near-field of an electromagnet-
Ic source take different forms than their far-field counterparts, with magnetic loops,

voltage probes, and resistively-loaded dipoles being known in the art. Near-field ap-
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plications include RF ID tags and secure low-speed data transfer, which utilize mag-
netic induction in the near-field. As used herein, a "probe" is a structure that oper-
ates in the near-field of an electromagnetic source, and an "antenna” is reserved for
those radiation structures that are intended to be predominantly far-field devices.
The subject of the present disclosure includes that of electromagnetic field probes
that operate in the near-field of non-contacting rotary joints.
[0010] Conventional antennas and near-field probes exhibit a variety of behaviors
that preclude or compromise their use in non-contacting rotary joint systems when
operating at 1+ Gbps data transmission rates. Such rotary joint systems require ul-
tra-wideband ("UWB") frequency response to pass the necessary frequency compo-
nents of multi-gigabit digital data, as well as exhibiting high return loss and low dis-
tortion impulse response to preserve the time-domain characteristics of the signal.
In addition, non-contacting rotary joints exhibit characteristics that complicate the de-
sigh of antennas and field probes required to capture the energy transmitted across
a rotary gap. Typically, non-contacting rotary joints exhibit field strength variations
with rotation between the rotor and stator, exhibit directional behavior as the signals
fravel as waves in transmission lines from the signal source to the transmission line
terminations, and may even be discontinuous in the near-field. High-frequency non-
contacting rotary joints present a unique set of challenges for the design of near-field
probes.
[0011] An ideal probe in an ultra-wideband non-contacting rotary joint application
should meet seven criteria for successful operation at high data rates. It should:

(1) capture sufficient energy for an acceptable signal-to-noise ratio;

(2) possess bandwidth sufficient to accommodate the major frequency com-
po- nents of the signal;

(3) exhibit high return loss to control internal reflections and preserve signal
In- tegrity;

(4) exhibit low distortion impulse response to support good signal integrity;

(5) accommodate nulls in the transmitter pattern while delivering a stable sig-
nal;

(6) accommodate the directional responses of the rotary joint while maintain-

iIng a stable output signal; and
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(7) ameliorate its own directional effects while maintaining the foregoing re-
quire- ments
[0012] Conventional prior art antennas and near-field probes generally fail one or
more of the foregoing requirements. Most prior art antennas and probes are narrow-
band standing-wave devices that lack both the frequency response and time-domain
response to accommodate the wideband energy of multi-gigabit data streams. Small
near-field voltage and current probes may exhibit reasonable frequency and impulse
response, but lack a sufficient capture area for an acceptable signal-to-noise ratio.
Modern planar patch and bowtie UWB antennas exhibit most of the desirable char-
acteristics for a near-field probe, but, like other prior art antennas and probes, do not
inherently address the directional characteristics of non-contacting rotary joints, while
simultaneously contending with nulls or discontinuities in the radiation pattern. Fur-
ther, most antennas and near-probes exhibit directional behaviors of their own at
high frequencies. This directional coupler effect further compounds the problems
associated with the directionality of non-contacting rotary joints. The combination of
effects described above is manifested as variations in signal output from typical
near-field probes, can exceed 20 dB, and can present significant challenges for sig-
nal recovery.
[0013] Addressing all of these requirements simultaneously is the subject of the
present invention. The present invention expands the art and addresses the short-
comings of prior rotary joint solutions. The present invention exhibits the following
characteristics, and provides:

(1) a high-speed rotary joint, with no electrical contacts in the signal path; and

(2) that ameliorates the directional characteristic of frequency probes and an-
tennas at high frequencies; and

(3) that accommodates a discontinuous field response (nulls) in rotary joints;

and
(4) that possesses a good capture area for a high signal-to-noise ratio; and
(5) that has acceptable return loss; and
(6) that exhibits an ultra-wide bandwidth frequency response up to 40 GHz;
and

(7) Is capable of supporting data transmission rates of 10+ gigabits per se-
cond.
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Disclosure of the Invention

[0014] With parenthetical reference to the corresponding parts, portions or sur-
faces of the disclosed embodiment, merely for purposes of illustration and not by
way of limitation, the present invention provides improved non-contacting rotary
joints for the transmission of electrical signals across an interface defined between
two relatively-movable members. The improved non-contacting rotary joints broadly
include: a signal source (A) operatively arranged to provide a high-speed digital data
output sighal; a controlled-impedance differential transmission line (C) having a
source gap (D) and a termination gap (E); a power divider (B) operatively ar-
ranged to receive the high-speed digital data output signal from the signal source,
and to supply it to the source gap of the controlled-impedance differential line; a
near-field probe (G) arranged in spaced relation to the transmission line for receiving
a signal transmitted across the Interface; and receiving electronics (H) operatively
arranged to receive the signal received by the probe; and wherein the rotary joint ex-
hibits an ultra-wide bandwidth frequency response capability of up to 40 GHz .

[0015] The improved joints may further include a printed circuit board, and the
power divider may be embedded in the printed circuit board.

[0016] The improved joints may further include a printed circuit board, and the
fransmission line may have at least one termination that is embedded in the printed
circuit board.

[0017] The improved joints may be capable of supporting data transmission rates
In excess of 10 Gbps.

[0018] The probe may be suspended at a distance over the transmission line.
[0019] The near-field probe may include discontinuous geometry within a pat-
terned geometry, either deterministic or nondeterministic.

[0020] The near-field probe may have a portion that is planar.

[0021]  Accordingly, the general object of the invention is to provide improved non-
contacting rotary joints for the transmission of electrical signals across an interface
defined between two relatively-movable members.

[0022]  Another object is to provide (1) a high-speed rotary joints, with no electrical
contacts in the signal path; and (2) that ameliorate the directional characteristic of

frequency probes and antennas at high frequencies; and (3) that accommodate a
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discontinuous field response (nulls) in rotary joints; and (4) that possess a good
capture area for a high signal-to-noise ratio; and (5) that have acceptable return loss;
and (6) that exhibit an ultra-wide bandwidth frequency response up to 40 GHz; and
(7) that are capable of supporting data transmission rates of up to 10+ gigabits per

second.

[0022a] According to one aspect of the present invention, there Is provided a
non-contacting rotary joint for transmission of electrical signals across an interface
defined between two relatively-movable members, comprising: a signal source
operatively arranged to provide a high-speed digital data output signal, a controlled-
impedance differential transmission line having a source gap and a termination gap; a
power divider operatively arranged to receive said high-speed digital data output
signal from said signal source, and to supply said high-speed digital data output
signal from said signal source to said source gap of said controlled-impedance
differential transmission line; a near-field probe arranged in spaced relation to said
controlled-impedance differential transmission line for receiving a signal transmitted
across said interface; said near-field probe having a signal capture area for receiving
said signal transmitted across said interface; said signal capture area having a first
region and a second region, said first and second regions having dissimilar
geometries, such that said signal capture area has a discontinuous geometry; and

receiving electronics operatively arranged to receive the signal received by said

probe; and wherein said rotary joint exhibits an ultra-wide bandwidth frequency

response capable of high speed data transmission rates.

[0023] 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

[0024] Fig. 1 i1s a schematic view of an improved non-contacting rotary joint.

[0025] Fig. 2 1s a schematic view of an RF transmission source gap.

CA 2932622 2018-08-20
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[0026]

- [0027]

geometry.

10028]
[0029]
[0030]

[0031]

structure.
[0032]

[0033]

6a

Fig. 3 is a schematic view of an RF transmission line termination gap.

Fig. 4 is a schematic view of a near-field probe with discontinuous

Fig. 5 is a schematic view of signal summing at the termination gap.
Fig. 6 is a schematic view of null signal summing at the source gap.
Fig. 7 illustrates the filling of a source gap null by local reflection.

Fig. 8 illustrates wire-bonding of an integrated circuit ("IC") to a probe

Fig. 9 illustrates a flip-chip bonded to probe structure.

Fig.10 illustrates several forms of resistive material incorporated into a

variety of probe structures.

[0034]

[0035]
[0036]

[0037]

Fig. 11A is a view of a received eye diagram at 1.0 gigabits per second.
Fig. 11B is a view of a received eye diagram at 7.0 gigabits per second.
Fig. 12A is a plot of near-field probe waveforms with a low-Z detector.
Fig. 12B is a plot of near-field probe waveforms with a high-Z detector.

Description of the Preferred Embodiments

[0038] 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 Figs., as such elements, portions or surfaces may be

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, de-

CA 2932622 2018-08-20
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gree, etc.) together with the 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 fig-
ure 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.

[0039] This invention provides, in one aspect, a non-contacting rotary joint
("NCRJ") that is based upon a high-speed data link ("HSDL"), such as disclosed in
US 6,437,656 B1, and can be considered an improvement to the structure described
therein. The improvement expands the prior art HSDL technique to include the
transmission of high-speed data signals across an intervening interface between two
relatively movable members, without the use of sliding electrical contacts in the sig-
nal path. The invention includes a split differential microstrip transmission line driven
by a signal source through a power divider and resistively terminated at the far end,
and a receiver that includes a planar differential field probe that senses the near-fiela
of the transmitter differential microstrip and that delivers recovered signal energy to
an electronic receiver for detection. The differential near-field probe has an uitra-
wideband response to optimize capture area, bandwidth, impedance, return loss,
and transient response in the near-field, while canceling radiation to the far-field.
The near-field probe operates essentially as a Hertzian dipole below a few gigahertz,
and as a traveling-wave probe at centimeter wavelengths. The present invention
provides a high-speed non-contacting rotary joint ("HS-NCRJ") that can be imple-
mented with printed circuit board ("PCB") technology, and that can support muiti-
gigabit data transmission rates, with frequency-domain bandwidths of up to 40 giga-
hertz ("GHZz").

[0040] The characteristics of the near-field probe accommodate the various prob-
lematic characteristics of the non-contacting rotary joint, including the directional and
discontinuous nature of the near-field response. The probe employs the use of dis-
similar geometries to produce several effects that benefit operations in a non-
contacting rotary joint, including:

(1) deliberate signal reflection near the probe feed point;
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(2) Increased bandwidth through reactive loading; and

(3) Increased return loss through reactive and/or resistive loading.
[0041] Dissimilar geometry in selected portions of the probe ameliorates the dis-
continuous field properties of the data transmission line by deliberately inducing a
signal reflection within the probe. Fig. 1 illustrates the nature of the non-contacting
rotary joint as a system diagram.
[0042] In Fig. 1, sighal source (A) serves to deliver a high-speed digital data sig-
nal to a power divider (B) (which can be active or passive), where the signal transits
through source gap (D) and into a controlled-impedance differential transmission line
(C). The signal then propagates as a fransverse electromagnetic wave ("TEM") on
the differential transmission line ring structure to where the signal is terminated at the
far-end termination gap (k) by wideband termination techniques (F). The TEM signal
travelling on the ring transmission line is sampled in the near-field by an ultra-
wideband planar near-field probe (G), which is suspended at some distance over the
ring structure to allow free rotation of the rotary joint, without physical contact. The
signal recovered by the near-field probe is delivered to the receiver (H), where the
signal can be detected, amplified, and its data recovered. The operation of the indi-
vidual elements is described and illustrated below.

Data Source Driver And Power Divider

The data source driver (A) can be any of a number of technologies capable of the
desired data rate, including a current-mode logic ("CML"), a field-programmable gate
array ("FPGA"), a low-voltage differential signaling ("LVDS") device, and other dis-
crete devices. The data signhal is be divided into two equal-amplitude phase-inverted
signals for feeding the differential ring system, a function that can be done by pas-
sive resistive dividers or by active techniques (e.q., CML fan-out buffer). For exam-
ple, a 1.2 fan-out buffer can drive a single data channel, while a larger-order fan-out
buffer can drive multiple redundant channels for high reliability applications. Single-
ended operation of the non-contacting rotary joint is also possible, albeit foregoing
the advantages of differential signaling. The power divider can be implemented as a
discrete assembly, or incorporated onto PCB structures with discrete or integrated
components, or embedded passive components implemented in planar PCB geome-

try. The technology employed to implement the power divider imposes a constraint
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to high frequency operation of the data channel due to parasitic reactances of the
component package introducing signal reflections that become progressively more
pronounced at higher frequencies. The driving electronics, power divider, ana
transmission line terminations can be implemented using a variety of technologies
(e.qg., thru-hole or surface mount components on PCB structures, integrated compo-
nents, or embedded passive components implemented in planar PCB geometry),
with high frequency performance capabilities determined by decreasing parasitic re-
actances. The following table summarizes the general operational capabilities of the

various technologies.

Approximate Frequency

Technology Limit
Thru-hole components 100 MHz
Surface-mount technology 10 GHz
Integrated components 15 GHz
Embedded planar devices > 20 GHz

Controlled-Impedance Differential Transmission Line Ring System

[0043] The ring system in the non-contacting rotary joint is a controlled-
impedance differential transmission line that is non-resonant, discontinuous, and typ-
ically implemented in microstrip multilayer printed circuit board technology. The na-
ture of the ring transmission line is such that the bulk of the signal energy is con-
tained in the near-field of the conductors. Energy radiated from the structure tends
to cancel in the far-field, an aid to electromagnetic interference (EMI) suppression.
The propagating signal on the ring system has directional properties, as shown in

Figs. 2 and 3. This is an important factor for the design of the near-field probe.

Near-Field Probe
[0044] The near-field probe (G) is a planar structure that is designed to have an

ultra-wideband near-field response, while meeting the specific requirements of the
high-speed data transmission on the ring transmission line. Specifically, the near-
field probe must:. (a) have an adequate capture area to recover sufficient energy for
signal detection, (b) have adequate bandwidth sufficient for at least the third harmon-
iIc of the data stream, (c) have an output impedance appropriate to the detector, (d)
have a high return loss, (e) have near-field properties that accommodate the non-
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uniform field response of the ring, (f) have a good impulse response, and (g) that
ameliorate the directional signal properties of both the rotary joint and the probe it-
self.

[0045] Fig. 4 illustrates the concept of a wideband probe design capable of oper-
ating at data rates of several gigabits per second and addressing the several chal-
lenges inherent in non-contacting rotary joints. The triangular portions shown as "A"
in Fig. 4 are planar elements of the near-field probes. The actual shape of the probe
elements can take many forms that are dependent upon the physical and electrical
requirements of the specific application. |n this exampile, the geometries shown as
items "A" and "C" are dissimilar and are part of the solution to the discontinuous
near-field response of a non-contacting rotary joint.

[0046] To understand the functioning of the probe, an example of a conventional
near-field probe is presented in Figs. 5 and 6 as a way of demonstrating the effects.
Fig. 5 illustrates the example of transmitter signal flow in the transmission line in the
lower portion of the figure. The received signal flow within the probe is shown in the
upper part ot the figure.

[0047] At higher frequencies, the near-field probe exhibits directional properties
similar to a traveling-wave antenna, in which the strength of the induced signal In-
creases as the signal propagates along the structure. In Fig. 5, the solid tapered
lines with inwardly-directed arrows denotes the induced signals, with the signal level
increasing in response to the data signal traveling on the transmission line. In the
case where the probe is positioned over the termination gap, the two signals induced
in the probe and traveling in opposite directions and arrive at the probe feed point
and combine in-phase and delivered as the signal output from the probe. When the
probe is located away from termination gap, the bi-directional response of the probe
allows signals to be received from either direction on either side of the termination
gap, albeit with somewhat reduced signal amplitude.

[0048] Fig. 5 also shows other signals present in the probe, shown by dashed
lines with arrows, denoting the reflections internal to the probe that result from the
iInduced signals reaching the ends of the probe and reflecting from the impedance
discontinuity. These reflected signals reverberate across the probe multiple times
with decreasing amplitude due to a number of effects influencing the return loss of

the probe. The reflections constitute an unwanted signal that interferes with the de-
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sired direct signal, arriving at the feed point with lower amplitude and displaced in
time. These internal reflections are among the effects that limit the data rate of non-
contacting rotary joints.

[0049] Fig. 6 illustrates another problematic effect that occurs in honcontacting
rotary joints when the transmitter source gap is positioned directly under the fiela
probe. When directly over the source, the energy received by the probe Is propagat-
ing away from the source (outwardly-directed solid arrows) and not toward the probe
feedpoint, producing little signal output—a null in the probe response. The induced
travelling wave signals propagating along the probe are reflected off impedance dis-
continuity at the end of the probe then travel toward the probe feedpoint (inwardly-
directed dotted arrows) and repeatedly reverberate across the probe.

[0050] The signals reflected from the impedance change at the probe ends partly
fill the null in the probe output, but are displaced in time. The result is low signal
amplitude and temporal distortion that complicate data recovery. An automatic gain
control is a prior art solution to the partial null, but the temporal distortion from the
reflection is a major constraint to the data rate. This invention corrects all these defi-
ciencies, and supports much faster data transmission rates.

[0051] Fig. 7 illustrates the mechanism by which the present invention remedies
the problematic case of the transmitter source gap by the use of discontinuous ge-
ometry.

[0052] The deliberate creation of a signal reflection from a region on the probe
that is some distance removed from the center provides signal energy to fill the null
that would otherwise result. The proximity of the reflection site to the signal output
produces minimal temporal distortion and fills the null, thus remedying two of the
constraints to data transmission rate. Changing the surge impedance of the probe at
the transition from region "C" to region "B" in Fig. 7 creates such a reflection, as
shown by the central curved arrows in Fig. 7. The impedance change can be ac-
complished In region "B" in varying degrees by application of a solder mask, a
change in cross-section by plating or solder coating, or by introducing a geometry
change, such as geometric pattern regions, as illustrated in Fig. 7.

[0053] Introducing a change of geometry in the probe changes the surge imped-
ance and gives the desired reflection, but such geometric structures also serve as
distributed loading to increase the bandwidth and return loss of the system. The ex-
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ample of Fig. 7 illustrates the use of a mesh that serves to introduce muliiple reso-
nances that provide the bandwidth expansion, as well as an increase in return loss.
The increased return loss attenuates the reflection of the signal from the probe ends
and reduces the amplitude of the reflected signal that would otherwise reverberate
across the probe and constitute an interfering signal to the desired signal. Continu-
ous resistive loading can also be used to create the desired reflection, as well as in-
creasing the return loss, but does not offer the advantage of bandwidth increase.
f0054] Geometric patterns can be implemented as holes in planar metal struc-
tures or as linear or curved features, such as shown in Fig. 7, both of which serve to
create new resonances in the pass-band of the probe. The frequency of resonance
and the impedance of the structure are functions of the probe geometry, which can
be implemented to provide the desired characteristics, such as selectively providing
resonances at the desired even and odd harmonics of a high-speed data stream.
[0055] Fractal geometry can also be utilized as a pattern in a near-field probe.
Fractal geometry has the advantage of providing deterministic algorithms for the cre-
ation of physical geometry, but with the disadvantage of providing relatively little con-
trol of the resulting pass-band resonances. The resonances In fractal structures tend
to have a logarithmic relationship that is less supportive of the harmonics of a high-
speed data signal.

[0056] The current state of the art does not permit closed form design practices
for discontinuous geometries, but electromagnetic simulation can be used {o opti-
mize the size, shape, number, and placement of geometric features, apertures, dis-
continuities, and other structures for optimal return loss and frequency response of a
non-contacting rotary joint system.

[0057] The ultimate high-frequency performance of the near-field probe and dif-
ferential amplifier is partly constrained by the transmission line connecting the two
together as shown in Fig. 4. The impedance of the probe and the input impedance
of the amplifier are frequency dependent, vary independently of one another, and
can only approximate the characteristic impedance of the transmission line connect-
iIng them. At frequencies where the impedances of the probe and the amplifier are
different than the characteristic impedance of the transmission line, there will be an
impedance transformation that can exacerbate impedance mismatches and adverse-

ly affect the frequency response of the system. The effect is strongest at frequen-
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cies where the electrical length of the connecting transmission line is an odd multiple
of a quarter-wavelength. Shortening the transmission line improves frequency re-
sponse by increasing the frequency where these impedance inversion effects are
pronounced. The ultimate high-frequency performance is achieved when the inter-
connections between the probe and electronics are shortened to the shortest practi-
cal physical dimensions, such as by utilizing flip-chip devices or wire-bonded inte-
grated circuits directly into the probe structure. Wire bond interconnections and flip-
chip packaging and, as shown in Figs. 8 and 9, respectively, followed by glop-top
encapsulation or other passivation technique, can extend the bandwidth of the probe
system to as high as 60-GHz (i.e., a wavelength of five millimeters).

[0058] The geometry of a near-field probe is flexible and many variants are pos-
sible, depending upon the specific application and the bandwidth requirements of the
chosen transmission type. Near-field probes can assume a variety of shapes, iIn-
cluding diamonds, circular, triangular, tapered, curved, rectilinear, or other form to
complement the physical form of the transmission line. Similarly, patterns of aper-
tures or features within the probe to implement reactive loading to enhance band-
width and return loss, can utilize any type of geometry, are not constrained by con-
ventional deterministic geometric forms, but can use discontinuous geometries of
any form, including random or arbitrary forms, to provide for the operational require-
ments of the specific signal type and the specific rotary joint transmission line char-
acteristics. Additionally, the reactive loading of patterned geometries can be aug-
mented or replaced by the use of continuous resistive loading materials in the con-
struction of the field probe. Resistive materials, such as nickel alloys and tantalum
nitride, can improve return loss and time domain response by attenuating reflections
from the extremes of the field probe. Fig.10 illustrates the use of a resistive conduc-
tive layer incorporated into a variety of probe structures, with or without the use of
geometric patterning. Again, the actual shape of a near-field probe can take many
forms, as appropriate for the particulars of the application. The presence of the qua-
si-linear regions shown function in a manner as previously described, introducing de-
liberate local reflections to ameliorate the discontinuous fields and directionality en-

countered in a rotary joint application.
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Test Data
[0059] The following data are presented to demonstrate various performance as-

pects of invention operating in a noncontacting rotary joint, beginning with the eye
diagrams shown in Figs. 11A and 11B. Eye diagrams are a standard technique for
evaluating the performance of a digital data system. Fig. 11A illustrates the very
good signal integrity of the prototype operating at 1.0 gigabits per second, and Fig.
11B shows very good signal integrity of the prototype operating at 7.0 gigabits per
second. The system performance is limited by the bandwidth of the electronics.
[0060] Figs.12A and 12B illustrate the signals received from the near-field probe
by low-impedance and high-impedance amplifiers, respectively. The data shown in
Figs. 11A and 11B, and Figs. 12A and 12B illustrate the high-frequency performance
of the non-contacting rotary joint using the a planar near-field probe with discontinu-
ous geometry.

[0061] Therefore, the present invention provides improved non-contacting rotary
joints for the transmission of electrical signals across an interface defined between
two relatively-movable members. The improved non-contacting rotary joints broadly
include: a signal source (A) operatively arranged to provide a high-speed digital data
output signal; a controlled-impedance differential fransmission line (C) having a
source gap (D) and a termination gap (E); a power divider (B) operatively arranged
to receive the high-speed digital data output signal from the signai source, and to
supply it to the source gap of the controlled-impedance differential line: a near-field
probe (G) arranged in spaced relation to the transmission line for receiving a signal
transmitted across the interface; and receiving electronics (H) operatively arranged
to receive the signal received by the probe; and wherein the rotary joint exhibits an
ultra-wide bandwidth frequency response capability up to 40 GHz .

[0062] The present invention contemplates that various changes and modifica-
tions may be made without departing from the spirit of the invention, as defined and

differentiated by the following claims.
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CLAIMS:

1. A non-contacting rotary joint for transmission of electrical signals across

an interface defined between two relatively-movable members, comprising:

a signal source operatively arranged to provide a high-speed digital

data output signal,

a controlled-impedance differential transmission line having a source

gap and a termination gap;

a power divider operatively arranged to receive said high-speed digital
data output signal from said signal source, and to supply said high-speed digital data
output signal from said signal source to said source gap of said controlled-impedance

differential transmission line:

a near-field probe arranged in spaced relation to said controlled-
impedance differential transmission line for receiving a signal transmitted across said

Interface:

said near-field probe having a signal capture area for receiving said

sighal transmitted across said Interface;

said signal capture area having a first region and a second region, said

first and second regions having dissimilar geometries, such that said signal capture

area has a discontinuous geometry; ana

receiving electronics operatively arranged to receive the signal received

by said probe; and

wherein said rotary joint exhibits an ultra-wide bandwidth frequency

response capable of high speed data transmission rates.

CA 2932622 2018-08-20



10

15

32125-23
16

2. A non-contacting rotary joint as set forth in claim 1, and further
comprising a printed circuit board, and wherein said power divider i1s embedded In

said printed circuit board.

3. A non-contacting rotary joint as set forth in claim 1, and further

- comprising a printed circuit board, and wherein said controlled-impedance differential

transmission line has at least one termination that is embedded in said printed circuit
board.

4. A non-contacting rotary joint as set forth in claim 1, wherein said high

speed data transmission rates are in excess of 10 Gbps.

5. A non-contacting rotary joint as set forth in claim 1, wherein said probe

IS suspended at a distance over said controlled-impedance differential transmission

line.

0. A non-contacting rotary joint as set forth in claim 1, wherein said first
region of said signal capture area of said near-field probe has a first geometric

pattern and said second region of said signal capture area of said near-field probe

~has a second geometric pattern dissimilar to said first geometric pattern of said first

reglon.

7. A non-contacting rotary joint as set forth in claim 1, wherein said first

region of said signal capture area of said near-field probe is planar.

CA 2932622 2018-08-20
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Fig. 8: IC With Wire-Bonding To Probe Structure

Fig. 9: Flip-Chip IC Bonded To Probe Structure
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