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DISPLACEMENT SENSING USING A FLEXIBLE SUBSTRATE

TECHNICAL FIELD
[0001] This application relates generally to electromechanical sensing and
more specifically, but not exclusively, to a sensor for determining angular

displacement.

BACKGROUND
[0002] Sensors are often employed in applications where it is desirable to
track displacement of a physical object. For example, sensors may be used
to track the movement of a component of a machine (e.g., for robotics
applications) or of a person’s hand or some other body part (e.g., for video
game or biomechanical applications).
[0003] In some aspects the technology employed in a given sensor
depends on the requirements of the corresponding application. Relatively low
performance applications commonly employ low cost sensors that are based
on Piezo-resistor technology or some other similar technology. For example,
a relatively low cost Piezo-resistor-based sensor may be used to coarsely
sense movements having a bandwidth on the order of 100 Hz.
[0004] In general, such low cost sensors may not be employed in higher
performance applications because the inherent characteristics of these
sensors may tend to limit their usefulness in such applications. For example,
a Piezo sensor may have a low frequency pole-zero doublet that results in
slow settling components as well as a device memory and/or device decay
effect that increases with use over time. Also, a Piezo sensor may be
relatively sensitive to changes in temperature. These characteristics may, in

turn, adversely affect the accuracy, resolution, and reliability of sensed
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measurements. |In some cases, feedback techniques may be used to
compensate for the doublet in an attempt to improve the bandwidth of the
sensor. However, these techniques may involve a difficult pole-zero
cancellation operation.

[0005] Higher performance applications may employ more accurate, more
robust, or higher bandwidth sensors such as Hall effect or optical sensors.
However, in general, these types of sensors are more complex and more

expensive than lower performance sensors.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] Sample features, aspects and advantages of the disclosure will be
described in the detailed description and appended claims that follow and the
accompanying drawings, wherein:
[0007] FIGS. 1A, 1B, and 1C are simplified diagrams illustrating sample
aspects of a sensing device;
[0008] FIG. 2 is a flowchart illustrating sample operations that may be
performed in conjunction with determining angular displacement of a flexible
substrate;
[0009] FIG. 3 is a simplified diagram illustrating sample aspects of a
system that performs operations based on angular displacement of a flexible
substrate;
[0010] FIG. 4 is a simplified diagram illustrating sample aspects of a
sensing device employing phase shift detection;
[0011] FIG. 5is a simplified diagram illustrating sample aspects of another
sensing device employing phase shift detection;
[0012] FIG. 6 is a simplified diagram illustrating sample aspects of a

sensing device employing amplitude shift detection;
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[0013] FIG. 7 is a simplified diagram illustrating sample aspects of a
sensing device employing phase and amplitude shift detection;

[0014] FIG. 8 is a simplified diagram illustrating sample aspects of a
sensing device employing pulse detection;

[0015] FIG. 9is a simplified diagram illustrating sample aspects of a
sensing device employing circuits coupled to multiple ends of a flexible
substrate;

[0016] FIGS. 10A, 10B, and 10C are simplified diagrams illustrating
sample aspects of a flexible substrate including multiple conductors;

[0017] FIGS. 11A, 11B, 11C, and 11D are simplified diagrams illustrating
sample aspects of another flexible substrate including multiple conductors;
[0018] FIGS. 12A, 12B, 12C, and 12D are simplified diagrams illustrating
sample aspects of another flexible substrate including multiple conductors;
[0019] FIG. 13 is a simplified diagram illustrating sample aspects of a
flexible substrate including a mechanical coupler for coupling flexible
components; and

[0020] FIGS. 14A, 14B, and 14C are simplified diagrams illustrating
sample aspects of a flexible substrate including a foldable portion.

[0021] In accordance with common practice the various features illustrated
in the drawings may not be drawn to scale. Accordingly, the dimensions of
the various features may be arbitrarily expanded or reduced for clarity. In
addition, some of the drawings may be simplified for clarity. Thus, the
drawings may not depict all of the components of a given apparatus or
method. Finally, like reference numerals may be used to denote like features

throughout the specification and figures.
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DETAILED DESCRIPTION
[0022] The description that follows sets forth one or more illustrative
embodiments. It should be appreciated that the teachings herein may be
embodied in a wide variety of forms, some of which may appear to be quite
different from those of the disclosed embodiments. Consequently, the
specific structural and functional details disclosed herein are merely
representative and do not limit the scope of the disclosure. For example,
based on the teachings herein one skilled in the art should appreciate that the
various structural and functional details disclosed herein may be incorporated
in an embodiment independently of any other structural or functional details.
Thus, an apparatus may be implemented or a method practiced using any
number of the structural or functional details set forth in any disclosed
embodiment(s). Also, an apparatus may be implemented or a method
practiced using other structural or functional details in addition to or other than
the structural or functional details set forth in any disclosed embodiment(s).
[0023] FIG. 1A is a simplified view of a sensing device 100 including a
flexible substrate 102. As shown in the side views of FIGS. 1B and 1C, the
flexible substrate 102 may be coupled to an object 104 (e.g., a machine or
body part) whereby movement or deformation of the object 104 causes the
flexible substrate 102 to be displaced (e.g., substrate flexion).
[0024] As illustrated in FIG. 1A, the flexible substrate 102 may include an
electrical conductor 106 that is coupled to a detector circuit 108 (e.g., an
application-specific integrated circuit). For purposes of illustration, only a
single conductor 106 is shown in FIG. 1A. In practice, however, the flexible
substrate 102 may include one or more conductors (e.g., as discussed below

in conjunction with FIGS. 10A - 10C).
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[0025] As will be discussed in more detail below, the detector circuit 108
detects electrical changes to a circuit that includes the conductor 106 to
determine the displacement of the flexible substrate 102. For example,
angular displacement of the flexible substrate 102 may result in a change in
one or more physical properties associated with the conductor 106. As a
result of this change, the detector circuit 108 may detect a change in an
electrical signal propagating through the conductor 106. The detector circuit
108 may thus determine the angular displacement based on this change in
the electrical signal.

[0026] The detector circuit 108 may be coupled to the flexible substrate
102 in various ways. For example, as shown in FIG. 1A, the detector circuit
108 may be mounted on the flexible substrate 102. In this case, the device
100 may include a rigid member 110 (e.g., a circuit board comprising FR-4
material) that supports the detector circuit 108 (e.g., to prevent flexing of the
portion of the flexible substrate 102 in the area around the detector circuit
108). Alternatively, the detector circuit 108 may be mounted on a different
assembly than the flexible substrate 102, whereby an appropriate connection
mechanism may be employed to couple the flexible substrate 102 with the
detector circuit 108. In addition, as discussed below, in some
implementations the detector circuit 108 may comprise multiple circuits that
are coupled to the flexible substrate 102.

[0027] Sample operations relating to determining the angular displacement
of a flexible substrate will now be described in more detail in conjunction with
the flowchart of FIG. 2. For convenience, the operations of FIG. 2 (or any
other operations discussed or taught herein) may be described as being
performed by specific components (e.g., the components of the sensing

device 100). It should be appreciated, however, that these operations may be

PCT/US2009/038085
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performed by other types of components and may be performed using a
different number of components. It also should be appreciated that one or
more of the operations described herein may not be employed in a given
implementation.

[0028] For illustration purposes, the disclosure that follows describes an
example where an electrical change to a millimeter-wave (hereafter “mm-
wave”) circuit is detected to determine the angular displacement of a flexible
substrate. It should be appreciated, however, that the teachings herein may
apply to other types of circuits (e.g., operating within some other frequency
band).

[0029] As represented by block 202 of FIG. 2, the detector circuit 108
generates a mm-wave signal (i.e., in the range of 30-300 GHz) that is coupled
to the conductor 106. Accordingly, the conductor 106 and a portion of the
detector circuit 108 (e.g., a portion that interfaces with the conductor 106)
collectively form a mm-wave circuit. In some aspects, a mm-wave circuit may
be provided by application of a mm-wave signal to one or more electrical
conductors. In some aspects a mm-wave circuit may be provided by an
appropriate configuration of an electrical conductor. For example, a mm-wave
circuit may comprise a waveguide (e.g., a stacked waveguide) configured to
carry mm-wave signals.

[0030] The detector circuit 108 may provide various types of signals for the
mm-wave circuit. For example, the detector circuit 108 may generate an
oscillating signal, pulse signals, or some other suitable type of signal.

[0031] As represented by block 204, at some point in time the flexible
substrate 102 is subjected to angular displacement. As an example, the
flexible substrate 102 may comprise a portion of a glove-based controller for a

video game system. In this case, certain movements of a user’'s hand (e.g.,
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as represented by the bend in the object 104 in FIG. 1C) will cause the
flexible substrate 102 to bend.

[0032] The displacement of the flexible substrate 102 may, in turn, affect
one or more physical properties of the mm-wave circuit. For example, such a
displacement may change the length of a transmission path for a signal
passing through one or more conductors (e.g., the conductor 106). In some
cases a change in the length of the transmission path may involve a change
in the physical length of a conductor. In some cases a change in the length of
the transmission path may involve a change in the length of an electrical path
as opposed to the physical length of a conductor. For example, a change in
path length may result from a change in the distance between sections of one
or more electrical conductors. Here, the path of the signal may involve the
signal being coupled across gaps between these sections of the conductors
(e.g., through a dielectric material). Thus, displacement of the flexible
substrate may result in a change in the width of these gaps and, hence, a
change in the effective length of the transmission path.

[0033] In some implementations the displacement of a flexible substrate
may change an electrical property of a substrate material. For example, a
displacement may cause a change in the dielectric constant of a mechanically
sensitive dielectric. This, in turn, may effect how a signal propagates through
the flexible substrate. In some aspects, the displacement of a flexible
substrate may induce a filtering characteristic change (e.g., corresponding to
a change in phase and/or amplitude).

[0034] A brief example relating to the propagation of an electromagnetic
wave through a transmission line will be described to further illustrate how
displacement of the flexible substrate 102, resulting in a change in length of a

transmission line, may affect a physical property of a mm-wave circuit. It
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should be appreciated that the teachings herein are not limited to the specific
example of changing the length of a transmission line. Rather, this example is
provided to illustrate how the teachings herein may be particularly effective at
certain operating frequencies (e.g., the mm-wave range). The equation for a

propagating electromagnetic wave is set forth in Equation 1:

y = Acos(kx - wt) EQUATION 1

Je

where k= w ,
C

A corresponds to the amplitude of the signal,

x is the distance along the transmission line,

w is the frequency,

tis time,

e is the relative dielectric constant of the transmission line, and

c is the speed of light.

[0035] Assuming e,is 4, with an operating frequency of 5 GHz, a change in
length of 3.75 mm causes a 11/4 phase shift. However, at 50 GHz, a change
in length of only 0.375 mm causes a 11/4 phase shift. Hence, when operating
in the mm-wave range, certain ranges of displacement of a flexible substrate
(e.g., that affect the length of a transmission line or electrical path) may be
readily detected using the techniques taught herein.

[0036] As represented by block 206, the detector circuit 108 monitors the
mm-wave circuit (e.g., continually or during certain time periods) to determine
whether there has been an electrical change to the mm-wave circuit as a
result of the displacement of the flexible substrate 102. Such an electrical

change may take various forms. For example, the displacement of the flexible



10

15

20

25

WO 2009/151715 PCT/US2009/038085

substrate 102 may cause a shift in phase, amplitude, frequency, pulse timing
or shape, or some other characteristic of a mm-wave signal that propagates
through the mm-wave circuit (e.g., the electrical conductor 106). In some
cases, several characteristics (e.g., amplitude and phase) of the mm-wave
signal may be concurrently affected by the displacement of the flexible
substrate.

[0037] As represented by block 208, the detector circuit 108 determines
the angular displacement of the flexible substrate 102 based on the electrical
change detected at block 206. For example, a given change in an electrical
parameter may be mapped (e.g., via a formula or table) with a given angular
displacement. Accordingly, the detector circuit 108 may generate a
corresponding indication of angular displacement that may be stored in the
detector circuit 108 (e.g., in a memory device) and/or provided to another
component.

[0038] As represented by block 210, the angular displacement information
provided by the detector circuit 108 may be used for one or more designated
applications. For example, in the system 300 depicted in FIG. 3, a processing
system 302 (e.g., an application-specific processing system) is coupled to the
sensing device 100 (e.g., a stand-alone sensor) via a communication link 304
(e.g., an electrical, optical or wireless link). In this way, the processing system
302 may perform various operations in response to any angular displacement
of the flexible substrate 102. Several examples of such operations follow.
[0039] In some implementations the system 300 may comprise a video
game system, a virtual reality system, or some other type of computing
system. In this case, the sensing device may 100 comprise, for example, a
controller or some other form of user interface device. Such a device may be

incorporated into, for example, an apparatus (as represented by the object
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306 of FIG. 3) that is worn by a user (e.g., a glove or headgear), an apparatus
that is held by a user (e.g., a flexible controller device), or an apparatus that
takes some other suitable form to capture certain body movements (e.g., arm,
hand, and finger movements). In response to the sensed angular
displacement, the processing system 302 may perform an operation such as,
for example, providing an output indication (e.g., a visual, audible, or vibratory
output).

[0040] In some implementations the system 300 may comprise a fault
detection system (e.g., a wireless sensor network). In this case, the sensing
device 100 may comprise, for example, a sensor that is coupled with (e.g.,
attached to) an object (e.g., a mechanical part as represented by the object
306 of FIG. 3) that may potentially fail due to mechanical strain. Here, the
system 300 may generate an indication of fault or potential fault in the event
the sensing device 100 detects one or more angular displacements (e.g., of a
certain magnitude or magnitudes) that correspond to a certain level of
mechanical strain on the object.

[0041] In some implementations the system 300 may comprise a
biomechanical system (e.g., used for body sensing, biomedical rehabilitation,
active sports equipment, mesh suits, and so on). Here, the sensing device
100 may comprise, for example, a sensor that is fitted to (e.g., worn on) a
body part (as represented by the object 306 of FIG. 3). The system 300 may
thus track certain movements (e.g., ranges of motion) of the person. Such
information may be used in the case of rehabilitation, for example, to
determine how the person’s physical therapy is progressing.

[0042] In some implementations the system 300 may comprise a robotic
system or some other type of system that employs mechanical sensing.

Here, the sensing device 100 may comprise, for example, a sensor that is
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coupled with (e.g., attached to) a moving part (as represented by the object
306 of FIG. 3) of the robotic system. The system 300 may thus track certain
movements (e.g., angular motion) of that part (e.g., to provide feedback to a
motion controller).

[0043] With the above overview in mind, additional details relating to
sample implementations of various components of a sensing device will now
be treated in conjunction with FIGS. 4 - 14C. In some aspects, FIGS. 4 -9
relate to various implementations of a circuit (e.g., similar to the detector
circuit 108 discussed above) that may be used to provide signals for and/or
sense signals of a mm-wave circuit. In some aspects, FIGS. 10A - 14C relate
to various implementations of a flexible substrate (e.g., similar to the flexible
substrate 102 discussed above).

[0044] Referring initially to FIG. 4, a sensor 400 includes a flexible
substrate 402 and a phase detector 404. In this example, the phase detector
404 detects a phase shift of a signal of a mm-wave circuit that results from the
displacement of the flexible substrate 402. Here, a potential displacement of
the flexible substrate 402 is represented by a dashed line 402A.

[0045] The phase detector 404 includes a signal generator that provides a
mm-wave signal for a mm-wave circuit. Specifically, the signal generator
includes a locked loop circuit such as a phase locked loop 408 (including a
voltage controlled oscillator 410) that is driven by a crystal 412. The locked
loop circuit may instead comprise a delay locked loop.

[0046] The output of the phase locked loop 408 is coupled to a terminal
414 of the flexible substrate 402. The mm-wave signal thus propagates from
the terminal 414 through the conductor 406 to another terminal 416 of the

flexible substrate 402.
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[0047] The phase detector 404 includes a signal processing circuit that
processes the mm-wave signal received via the terminal 416. This circuit
includes a mixer 418, a filter 420 (e.g., a low pass filter), an analog-to-digital
converter 422, and a digital signal processor 424.

[0048] In this example, the mm-wave circuit thus comprises the conductor
406, material (e.g., dielectric) surrounding the conductor 406, the terminals
414 and 416, as well as the output circuitry of the signal generator and the
input circuitry of the signal processing circuit (e.g., including signal conduction
paths). Hence, displacement of the flexible substrate 402 may affect the
electrical characteristics of the mm-wave circuit which, in turn, may affect one
or more characteristics of the mm-wave signal received by the signal
processing circuit.

[0049] The signal processing circuit is configured to detect such a change
in the mm-wave signal by comparing the mm-wave signal at the terminal 414
(represented by the symbol a) with the mm-wave signal at the terminal 416
(represented by the symbol 8). For example, the signal processing circuit
may detect a phase shift of a standing wave pattern of the mm-wave circuit.
Here, the output of the phase locked loop 408 may be represented by a
frequency f, whereby a = cos(ff). As the flexible substrate 402 flexes, a phase
shift is introduced to 8 = cos(ft + ®). The mixer 418 outputs signal
components including a signal representative of the phase shift . The
output of the mixer 418 is filtered by the filter 420 to extract the signal
component including the phase shift information. The analog-to-digital
converter 422 uses a sampling clock CLK (e.g., comprising or derived from a
signal 426 received from the phase locked loop 408) to convert the filtered
signal to a digital signal. As shown in FIG. 4, the digital signal (e.g.,

consisting of “N” bits per sample) and the sampling clock CLK are provided to
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the digital signal processor 424. The digital signal processor 424 processes
this digital signal to provide an indication 428 relating to the displacement of
the flexible substrate 402.

[0050] The processing performed by the digital signal processor 424 may
take various forms. For example, in some implementations the digital signal
processor 424 may acquire phase shift information over time to generate
information such as the average phase shift, standard deviation of the phase
shift, mean phase shift, or some other desired parameter or parameters. In
this case, the digital signal processor 424 may output this information as the
indication 428 and/or may use this information for subsequent processing
operations.

[0051] In some implementations the digital signal processor 424 may
generate information indicative of the actual displacement of the flexible
substrate 402. For example, based on theoretical calculations and/or
empirical measurements, a given change in phase may be associated with a
given angular displacement. The digital signal processor 424 may thus use a
formula, a table, or some other suitable technique to output an appropriate
indication 428 (e.g., an estimate) of angular displacement based on the
change in phase.

[0052] The components of FIG. 4 may be configured based on the one or
more parameters specific to a given application. For example, the frequency f
may be selected such that the maximum electrical phase change is observed
per flexion angle. Here, different length transmission paths may be used for
different applications (e.g., associated with different flexion angles). Thus,
the frequency f may be selected to suit the particular transmission path
structure of a given application. In some cases, an appropriate frequency

may be identified by performing a frequency sweep test (and monitoring the
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output of the system) while controllably displacing the flexible substrate. Also,
depending on the desired bandwidth of operation, the sampling clock CLK
and the filter 420 may be adapted to support a corresponding Nyquist
sampling frequency and bandwidth.

[0053] A sensing device constructed in the manner of the sensor 400 may
provide an effective mechanism for determining (e.g., measuring) the angular
displacement of a flexible substrate, without the performance constraints or
relatively high cost of other sensing techniques (e.g., as discussed above).
For example, the sensor 400 may provide relatively high performance sensing
since the signal processing circuit may quickly and accurately detect any
changes in phase that occur as a result of any relatively rapid displacement of
the flexible substrate 402. Moreover, the sensor 400 may utilize relatively
common and low cost signal processing components (e.g., that may be
implemented using low power scalable CMOS) and a relatively low cost
flexible substrate (e.g., that may be implemented using flex-tape technology).
[0054] FIG. 5 illustrates an example of a sensor 500 including a phase
detector 504 that does not use a locked loop circuit or an external crystal
reference. Since a locked loop circuit is not employed here, the sensor 500
also may avoid the use of divider circuits that may consume a relatively large
amount of power. Consequently, the sensor 500 may consume less power
than the sensor 400 and be implemented at an even lower cost.

[0055] The phase detector 504 employs a signal generator consisting of a
voltage controlled oscillator 510. In this case, the digital signal processor 524
may provide digital signals 530 that control the output frequency of the voltage
controlled oscillator 510. Here, the output frequency may be set to maximize
the phase shift detected by an associated signal processing circuit for a given

displacement of the flexible substrate 502.
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[0056] In this example, an oscillator 532 may provide a clock signal 534 for
an analog-to-digital converter 522. In a similar manner as discussed above,
the clock signal 534 may comprise a sampling clock CLK or may comprise a
signal from which the sampling clock CLK is derived. Again as above, the
sampling clock CLK may be provided to the digital signal processor 524 for
synchronization purposes. In general, the construction and other operations
of the components of FIG. 5 (e.g., components 502, 506, 510, 518, 520, 522,
524, and 528) may be similar to corresponding components of FIG. 4 (e.g.,
components 402, 406, 410, 418, 420, 422, 424, and 428).

[0057] In some aspects, due to the use of an open-loop mode of operation,
the sensor 500 may be more sensitive to temperature drift than the sensor
400. However, relatively accurate sensing results may still be achieved even
when there is some variation in the frequency of the mm-wave signal. Also,
the operating frequency of the oscillator 532 need not be strictly controlled to
achieve a desirable sensing accuracy. Hence, the oscillator 532 also may be
operated in an open-loop mode. In summary, the architecture of the sensor
500 may be advantageously employed in applications where it is desirable to
trade-off some level of accuracy for lower power consumption.

[0058] FIG. 6 depicts a sensor 600 than may have even lower cost and/or
complexity in some aspects as compared to the above examples. In this
example, one or more electrical conductors 606 of a flexible substrate 602 are
also used to provide power to the components of the sensor 600. Specifically,
a DC power supply 636 is coupled to a terminal 638 of the flexible substrate
602 whereby a power signal (e.g., a DC voltage) is provided to a detector 604
via another terminal 614 of the flexible substrate 602. As a result, the pin
count on the detector 604 may be reduced due to power being provided via

the flexible substrate 602. In addition, as a result of this power distribution
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scheme, the complexity of the wiring for detector 604 may be lower as
compared to the above examples.

[0059] The detector 604 includes a filter 640 that is coupled to a signal
path 642 to receive the power signal provided at the terminal 614. The filter
640 also is configured to filter out (e.g., attenuate or remove) any non-DC
signals from the received signal. In particular, the filter 640 may be
configured to filter out any mm-wave signals (as represented by a) that also
may be present on the signal path 642. For example, the filter 640 may
comprise an L-C tank circuit that is tuned to the same frequency as a voltage
controlled oscillator 610 that generates the mm-wave signal. In this way, the
majority of the mm-wave signals are directed back to the mm-wave circuit,
instead of feeding into the detector components via the power supply path.
[0060] The filtered power signal (e.g., a DC voltage represented by B) is
provided to a power distribution circuit 644 that distributes power to the
components of the detector 604. For example, various signal paths or power
planes (not shown) may provide power to signal generator and signal
processing circuit components described below.

[0061] The detector 604 includes a signal generator consisting of a voltage
controlled oscillator 610 that generates a mm-wave signal (e.g., as controlled
by signals 630 from a digital signal processor 624). In other implementations,
the signal generator may instead incorporate a crystal and phase locked loop
as in FIG. 4 to provide better immunity to temperature variations.

[0062] A directional coupler 646 buffers the mm-wave signal to provide the
signal on a signal path 648 whereby the signal is AC coupled via a capacitor
650 to the signal path 642. The mm-wave signal travels from the signal path
642 to the terminal 614 and then along the conductor(s) 606 to an AC ground
at the DC power supply 636. Thus, in this example, the signal paths 648 and
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642 and the conductor(s) 606 each form part of the mm-wave circuit. The
directional coupler 646 is employed to prevent any signals on the signal path
648 from feeding back to the output of the voltage controlled oscillator 610. In
addition, the capacitor 650 is employed to prevent the DC signal on signal
path 642 from coupling to the signal path 648 while allowing mm-wave signals
to pass between these signal paths.

[0063] Inthe example of FIG. 6, the signal processing circuit is configured
to detect a shift in the amplitude of a mm-wave signal for the mm-wave circuit.
For example, the effective impedance of the mm-wave circuit may change
when the flexible substrate 602 is displaced. As a result, there may a change
in the magnitude of the signal at the signal path 648 (e.g., the signal launch
point).

[0064] An amplitude detector 652 (e.g., a peak detector) detects this
amplitude shift and outputs signal components including a signal component
representative of the amplitude shift. The output of the amplitude detector
652 is filtered by a filter 620 (e.g., a low pass filter) to extract the signal
component including the amplitude shift information. An analog-to-digital
converter 622 uses a sampling clock CLK (e.g., comprising or derived from a
signal 626 received from an oscillator 632) to convert the filtered signal to a
digital signal. In a similar manner as discussed above, the digital signal
consisting of “N” bits per sample and the sampling clock CLK are provided to
a digital signal processor 624.

[0065] The digital signal processor 624 processes the digital signal to
provide an indication 628 relating to the displacement of the flexible substrate
602. For example, the digital signal processor 624 may acquire amplitude
shift information over time to generate information such as the average

amplitude shift, standard deviation of the amplitude shift, mean amplitude
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shift, or some other desired parameter or parameters. In a similar manner as
discussed above, the digital signal processor 624 may output this amplitude
information as the indication 628 and/or may use this amplitude information
for subsequent processing operations (e.g., to provide an estimate of the
actual displacement of the flexible substrate 602).

[0066] As mentioned above, a sensing device may detect more than one
electrical change to a mm-wave circuit to determine the displacement of a
flexible substrate. For example, FIG. 7 illustrates an example of a sensor 700
where a detector 704 may detect both phase and amplitude shifts that result
from displacement of a flexible substrate 702. In general, the operations of
the components of FIG. 7 (e.g., components 702, 706, 710, 720, 722, 724,
728,732, 736, 740, 744, 746, and 750) may be similar to corresponding
components of FIG. 6 (e.g., components 602, 606, 610, 620, 622, 624, 628,
632, 636, 640, 644, 646, and 650, respectively). However, in this case, the
signal processing circuit employs a mixer 718 (instead of an amplitude
detector 652) and an associated directional coupler 754 (e.g., a buffer) for
detecting both phase and amplitude shifts of a mm-wave signal of a mm-wave
circuit.

[0067] As mentioned above in conjunction with FIG. 6, displacement of the
flexible substrate may result in a shift in the amplitude of a mm-wave signal at
signal path 748 due to a change in the electrical properties of the flexible
substrate 702. Moreover, this change in the electrical properties also may
result in a shift in the phase of the mm-wave signal at signal path 748.
Accordingly, the mixer 718 may combine the signal from the signal path 748
with a reference signal from the directional coupler 754 that corresponds to
the original waveform supplied to the mm-wave circuit. The resulting signal

output by the mixer 718 will contain signal components relating to the
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amplitude differences between the two mixer input signals and the phase
differences between the two mixer input signals. Thus, phase shift
information may be obtained in a similar manner as in FIG. 4 (i.e., from a
product term involving ®). In addition, amplitude information may be obtained
from a product term relating to the amplitudes of the two mixer input signals.
[0068] This information may then be processed by the filter 720, the
analog-to-digital converter 722, and the digital signal processor 724 to provide
one or more indications relating to the angular displacement of the flexible
substrate 702. That is, as discussed above, the digital signal processor 724
may generate an indication of one or more of the detected phase shift, the
detected amplitude shift, or the estimated angular displacement.

[0069] Referring now to FIG. 8, in some implementations a time domain
reflectometry-type of technique may be employed to determine the
displacement of a flexible substrate 802. For example, a signal generator of a
pulse detector 804 may provide pulses to an electrical conductor 806 of the
flexible substrate 802 whereby a signal processing circuit of the pulse detector
804 detects a pulse shift (e.g., a change in the timing and/or shape of the
reflected pulses) that results from the displacement of the flexible substrate
802.

[0070] The signal generator of the pulse detector 804 includes a phase
locked loop or delay locked loop (hereafter “PLL/DLL”) 808 that generates
signals to trigger a pulse generator 810. As shown in FIG. 8, the PLL/DLL
808 may be driven by a crystal 812. The PLL/DLL 808 may operate at a
pulse-repetition frequency that is related to how quickly the sensor 800 is to
detect displacement of the flexible substrate 802. That is, a higher pulse-
repetition frequency reflects a higher detection bandwidth while a lower pulse-

repetition frequency reflects a lower detection bandwidth.
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[0071] The pulse generator 810 generates pulses that are provided to a
terminal 814 of the flexible substrate. The pulses travel down the conductor
806, are reflected at an endpoint 816 of the conductor 806, and reflected back
through the conductor 806 to the terminal 814.

[0072] In the event the flexible substrate 802 has been subjected to
angular displacement, the electrical characteristics of this signal path (e.g., a
mm-wave circuit) may change, thereby effecting one or more characteristics
of the reflected pulse signals. Accordingly, the signal processing circuit of the
pulse detector 804 may be configured to detect an electrical change in the
circuit such as a change in the timing of reflected pulses (e.g., a pulse position
shift) and/or a change in the shape of reflected pulses.

[0073] The signal processing circuit of FIG. 8 includes a filter 824 (e.g., a
low pass filter) that filters all of the signals at the output stage of the pulse
detector 804 (as represented by a). The resulting filtered signals are provided
to an analog-to-digital converter 818. Here, the PLL/DLL 808 is configured to
enable the analog-to-digital converter 818 at the appropriate times so that the
analog-to-digital converter 818 will sample the reflected pulses (and optionally
the transmitted pulses). The pulse detector 804 may employ a buffer 820 that
delays at least a portion of the signals from the PLL/DLL 808 to provide the
desired sample timing.

[0074] The digital signal processor 822 processes the digital signals from
the analog-to-digital converter 818 to provide an indication 828 relating to the
displacement of the flexible substrate 802. For example, the digital signal
processor 822 may compare the timing between transmitted and received
pulses over time to determine whether this inter-pulse timing has changed.
Alternatively or in addition, the digital signal processor 822 may compare the

pulse shape information (e.g., as represented by an integration or some other
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function applied to the pulse signals) of received pulses over time to
determine whether this shape information has changed. In a similar manner
as discussed above, the digital signal processor 822 may acquire pulse shift
information over time to generate information such as the average pulse shift,
standard deviation of the pulse shift, mean pulse shift, or some other desired
parameter or parameters. Also similar to the above, the digital signal
processor 822 may output this pulse shift information as the indication 828
and/or may use this information for subsequent processing operations (e.g., to
provide an estimate of the actual displacement of the flexible substrate 802).
[0075] The digital signal information generated by the analog-to-digital
converter 818 may be buffered and provided at a relatively low frequency to
the digital signal processor 822 for processing. In addition, all of the closed
loops of the pulse detector 804 may be operated at relative low frequencies.
Accordingly, a sensing device constructed according to the teachings of FIG.
8 may be implemented as a relatively low power device.

[0076] As mentioned above, in some implementations the detector
components may be coupled to different ends of a flexible substrate. For
example, as depicted for a sensor 900 of FIG. 9, a signal generator 904 may
be coupled to one end of a flexible substrate 902 while a signal processing
circuit 908 is coupled to another end of the flexible substrate. In this case, the
signal processing circuit 908 may determine an angular displacement of the
flexible substrate based on a resulting electrical change in a signal sent by the
signal generator 904 over one or more conductors 906 to the signal
processing circuit 908. Such an implementation may be used, for example,
for applications where the flexible substrate 902 is prohibitively long, thereby
making it undesirable to send a signal across the flexible substrate 902 and

back.
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[0077] In various implementations, the signal provided by the signal
generator 904 may originate at either end of the flexible substrate 902. For
example, in some implementations the signal generator 904 may comprise a
phase locked loop or a voltage controlled oscillator as described herein that
generates the original signal that is sent over the conductor(s) 906.
Alternatively, in some implementations the signal processing circuit 908 may
be co-located with a signal generator (e.g., as discussed above at FIGS. 4 - 8)
that may comprise a phase locked loop or a voltage controlled oscillator that
generates the original signal. In this case, the original signal may first be sent
over a portion of the conductors 906 to the signal generator 904 that consists
of, for example, an amplifier (e.g., a buffer) or some other suitable component
that is configured to retransmit the received signal back over another portion
of the conductors 906 to the signal processing circuit 908.

[0078] Referring now to FIGS. 10A - 14C, several aspects of sample
implementations of flexible substrates will be treated. In particular, FIGS. 10A
- 10C relate to an implementation that employs layered conductors, FIGS.
11A - 13 relate to implementations that employ multiple flexible components,
and FIGS. 14A - 14C relate to an implementation that employs a foldable
structure.

[0079] FIG. 10A illustrates a top view of a sensor 1000 including a flexible
substrate 1002 coupled to an ASIC 1004 (e.g., configured to provide detection
operations as described herein). As shown in the sectional side views (from
the perspective of view A-A of FIG. 10A) of FIGS. 10B and 10C, the flexible
substrate 1002 includes a conductor 1006A on one layer 1002A and a
conductor 1006B on another layer 1002B. For example, the conductor 1006A
may comprise a transmission line as discussed above and the conductor

1006B may comprise a ground conductor (e.g., a slotted ground plane) or
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another transmission line (e.g., carrying a signal that is out of phase with the
signal on the conductor 1006A). Here, it should be appreciated that the
shaded blocks shown for each layer 1002A and 1002B of FIGS. 10B and 10C
may be part of a common conductor for that layer (e.g., as shown in FIG.
10A).

[0080] FIG. 10B illustrates that when the flexible substrate 1002 is
relatively flat, the edges of corresponding portions of the conductors 1006A
and 1006B (e.g., corresponding to the segments that appear as vertical lines
in FIG. 10A) are substantially aligned. Hence, there is a certain spacing
relationship between these conductor portions that results in the
corresponding electrical circuit (e.g., a mm-wave circuit) having certain
electrical properties.

[0081] However, when the flexible substrate 1002 is subjected to angular
displacement, the flexible substrate 1002 may become distorted as shown in
FIG. 10C. That is, some portions (e.g., layers) of the substrate 1002 may be
subjected to more angular displacement than other portions of the flexible
substrate 1002. As a result, the edges of corresponding portions of the
conductors 1006A and 1006B may no longer be substantially aligned as
indicated by the spacing 1008. Consequently, there may be a different (e.g.,
larger) spacing between the conductor portions with the result that the
corresponding electrical circuit (e.g., a mm-wave circuit) of FIG. 10C may
have different electrical properties than the electrical circuit of FIG. 10B. For
example, one effect of the “sliding” of the ground plane 1006B may be that the
characteristic impedance of the signal transmission path changes.

[0082] Based on these variations of electrical properties resulting from
angular displacement of the flexible substrate 1002, the ASIC 1004 may

employ the signal detection techniques taught herein to determine the current
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angular displacement of the flexible substrate. Here, through the use of a
flexible substrate that employs the above configuration, the ASIC 1004 may
provide more sensitive and accurate angular displacement detection due to
the interactions between the respective conductor portions of the different
layers. For example, for a given angular displacement, there may be a larger
electrical change in a circuit (e.g., a mm-wave circuit) provided in this type of
flexible substrate as compared to, for example, a flexible substrate that only
employs a single layer construction.

[0083] Layered conductors may be incorporated into a flexible substrate in
various ways. For example, in some implementations a flexible substrate may
utilize more than two conductor layers. In addition, a flexible substrate may
be constructed of a material that provides specific distortion characteristics
(e.g., conductor displacement versus angular displacement) to thereby
provide a desired level of sensitivity and accuracy for detection of angular
displacement. In some implementations the layered conductors may be
implemented as distinct components that slide relative to one another
(thereby achieving a similar result as above). In these cases, the components
may be coupled together by a guide, a carrier, or some other mechanical
coupler.

[0084] FIGS. 11A - 13 illustrate several examples of flexible substrates that
comprise subcomponents (e.g., flexible substrates in and of themselves). For
example, as shown by the top view of FIG. 11A, a flexible substrate 1100
(e.g., a substrate subassembly) consists of a subcomponent 1102 and a
subcomponent 1104.

[0085] The side view of FIG. 11B illustrates that an end portion of the

subcomponent 1102 lies on top of an end portion of the subcomponent 1104.
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The leftmost end of the subcomponent 1104 underneath the subcomponent
1102 is illustrated by a dashed line 1106A in FIG. 11A.

[0086] Each subcomponent 1102 or 1004 of the flexible substrate 1100
may include one or more electrical conductors. For example, the
subcomponent 1102 includes conductors 1108A, 1110A, and 1112A while the
subcomponent 1104 includes conductors 1108B, 1110B, and 1112B. Here,
the conductors 1110A and 1110B may comprise a transmission line for a
signal while the conductors 1108A, 1112A, 1108B, and 1112B may comprise
ground conductors. The dashed lines 1114A illustrate that end portions of the
conductors 1108B, 1110B, and 1112B lie underneath an end portion of the
subcomponent 1102. Here, it may be observed that in the configuration of
FIGS. 11A and 11B, the conductors of one subcomponent may not overlap
the conductors of the other subcomponent. Thus in this case, there may be
little, if any, conduction of signals (e.g., mm-wave signals) between the
conductors of the different subcomponents (e.g., between conductors 1108A
and 1108B, between conductors 1110A and 1110B, and so on).

[0087] As will be discussed in more detail below, the subcomponents 1102
and 1104 are coupled together in a manner that enables these
subcomponents to slide relative to one another when the flexible substrate
1100 is subjected to angular displacement. For example, when the flexible
substrate 1100 is oriented to a flatter shape as shown in FIG. 11D, the end of
each subcomponent 1102 or 1104 may slide toward the other subcomponent.
Thus, in this case, the end portions of the subcomponents 1102 and 1104
overlap to a greater extent as shown in FIG. 11D and as indicated by the
dashed line 1106B in FIG. 11C.

[0088] As illustrated by the dashed lines 1114B in FIG. 11C, the end

portions of the conductors 1108B, 1110B, and 1112B now lie underneath the
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end portions of the conductors 1108A, 1110A, and 1112A, respectively.
Hence, in this case there may be better signal coupling between the
conductors of the different subcomponents (e.g., between conductors 1108A
and 1108B, between conductors 1110A and 1110B, and so on).

[0089] From the above, it should be appreciated that the extent of the
change in conductor overlap may depend on the extent to which the flexible
substrate 1100 is displaced. In addition, the corresponding change in the
spacing between the conductors of the different subcomponents and/or the
corresponding change in the length of the overall transmission path formed by
the conductors may result in a change in the electrical properties of an
electrical circuit (e.g., a mm-wave circuit) including these conductors. Thus, a
detector (not shown) may employ the signal detection techniques taught
herein to determine the current angular displacement of the flexible substrate
1100 based on these changed electrical properties. Advantageously, through
the use of a sliding and overlapping flexible substrate as described above,
displacement detection may be achieved with a relatively high degree of
sensitivity using a relatively small flexible substrate. Such a flexible substrate
may be employed, for example, in wearable, bending applications such as
glove-based sensors.

[0090] In some aspects, the conductors of a flexible substrate may be
configured to facilitate detecting displacement of the flexible substrate. For
example, as shown in FIGS. 11A and 11C, the conductor 1110A may have a
tapered end. This shape may thus provide different (e.g., more gradual)
changes in electrical characteristics for the circuit when the ends of the
conductors 1110A and 1110B approach one another as compared to, for

example, a case where the conductor 1110A instead has a squared-off end.
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[0091] FIGS. 12A - 12D illustrate a flexible substrate 1200 employing
conductors (e.g., waveguides) having irregular shapes. In a similar manner
as in FIGS. 11A - 11D, the flexible substrate 1200 consists of a flexible
subcomponent 1202 and a flexible subcomponent 1204. The flexible
subcomponent 1202 includes conductors 1208A, 1210A, and 1212A while the
flexible subcomponent 1204 includes conductors 1208B, 1210B, and 1212B.
Here, the conductors 1210A and 1210B (e.g., the signal conductors) have
irregular shapes at respective portions 1216A and 1216B.

[0092] When the flexible substrate 1200 is oriented from the shape of FIG.
12B to the flatter shape of FIG. 12D, the end portions of the flexible
subcomponents 1202 and 1204 may overlap to a greater extent as indicated
by the dashed lines 1206A and 1206B in FIGS. 12A and 12C, respectively.
Consequently, as illustrated by the dashed lines 1214 in FIG. 12C, as the end
portions pass over one another, the irregular portions 1216A and 1216B may
move closer to one another. As a result, the electrical characteristics of an
associated circuit (e.g., a mm-wave circuit) may change in a relatively
complex manner when the flexible substrate 1200 is subjected to a certain
degree of angular displacement. A detector (e.g., a digital signal processor)
may thus be configured to detect these complex changes in electrical
characteristics to characterize the current angular displacement of the flexible
substrate 1200 with, for example, more accuracy and/or greater sensitivity
than approaches that do not employ complex conductors.

[0093] A multi-subcomponent flexible substrate (e.g., a described above)
may include a mechanical coupler or some other suitable mechanism for
coupling the subcomponents in a manner that enables the subcomponents to
move relative to one another while holding the subcomponents together. For

example, in the simplified drawing of FIG. 13, a flexible substrate 1300
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comprising subcomponents 1302 and 1304 includes a mechanical coupler
1306 that serves to couple at least the end portions of the subcomponents
1302 and 1304. For example, the mechanical coupler 1306 may comprise a
sleeve-like structure that wraps around the periphery of the subcomponents
1302 and 1304 but allows at least one of these subcomponents to slide (e.g.,
as indicated by the arrows 1308) in a relatively linear manner along a
longitudinal axis of the flexible substrate 1300. In some implementations the
mechanical coupler 1306 may include flexible tension structures (not shown)
that are coupled to each of the subcomponents 1302 and 1304 that allow
some relative movement but restrict movement beyond a certain point.

[0094] In some implementations the flexible substrate 1300 may be
configured to facilitate relative movement between its components. For
example, one or more of the mechanical coupler 1306 and the
subcomponents 1302 and 1304 may include a coating, outer layer, or
coverlay (e.g., made of Teflon or some other suitable material) that enables a
subcomponent to easily slide against a surface of another component (e.g.,
another subcomponent and/or the mechanical coupler 1306). Alternatively,
one or more of these components may be constructed of such a material
(e.g., the flexible subcomponents 1302 and 1304 may be implemented using
a Teflon dielectric medium).

[0095] In some implementations, a flexible substrate may be configured to
fold (e.g., in a similar manner as an accordion) when it is subjected to angular
displacement. For example, referring to the top view of FIG. 14A illustrating a
portion of a flexible substrate 1400, the flexible substrate 1400 is configured to
fold along the dashed lines 1402A, 1402B, and 1402C. FIG. 14B illustrates a
side view corresponding to FIG. 14A where the flexible substrate 1400 is

subjected to a certain amount of angular displacement (e.g., the flexible
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substrate 1400 is flexed, not shown). FIG. 14C illustrates a side view where
the flexible substrate 1400 is subjected to less angular displacement (e.g., the
flexible substrate 1400 is not flexed).

[0096] FIG. 14A also illustrates that the left side of the flexible substrate
1400 includes conductors 1404A, 1406A, and 1408A that correspond to
conductors 1404B, 1406B, and 1408B on the right side of the flexible
substrate 1400. For example, the conductors 1406A and 1406B may be
comprise a transmission line for a signal while the conductors 1404A, 1408A,
1404B, and 1408B may comprise ground conductors.

[0097] In the configuration of FIGS. 14A and 14B, the conductors on the
left and right sides of the flexible substrate 1400 are relatively far apart. As a
result, there may be little, if any, conduction of signals (e.g., mm-wave
signals) between the conductors of the left and right sides of the flexible
substrate 1400 (e.g., between conductors 1406A and 1406B, between
conductors 1404A and 1404B, and so on).

[0098] In contrast, in the configuration of FIG. 14C, the end portions of
corresponding left side and right side conductors are closer to one another.
Consequently, there may be more signal conduction between the left and right
side conductors in this case (e.g., between conductors 1406A and 14068,
between conductors 1404A and 1404B, and so on).

[0099] Thus, it may be seen that the extent of the change in conductor
overlap or proximity may depend on the extent to which the flexible substrate
is displaced. Again, such a change in the spacing between the conductors
and/or in the length of the overall transmission path may cause a
corresponding change in the electrical properties of an electrical circuit (e.g., a
mm-wave circuit) including these conductors. Accordingly, a detector may

employ the signal detection techniques taught herein to determine the current



10

15

20

25

WO 2009/151715 30 PCT/US2009/038085

angular displacement of the flexible substrate based on these electrical
property variations.

[00100] A flexible substrate employing folds or bends as in FIG. 14 may be
implemented in various ways. For example, a flexible substrate may include
one or more series of bends (e.g., more than three bends) along its length.
Also, various techniques may be used to form the bends in the flexible
substrate. For example, laser drilling or some other suitable technique may
be used to form a series of holes along a desired fold line. In addition,
bending may be achieved through the use of a thinner or less rigid material in
the area where bending is desired.

[00101] A flexible substrate that may be employed in conjunction with the
teachings herein may take various forms. For example, the substrate may be
made of various materials including, for example, polyimide, liquid crystal
polymer, a polyester-based dielectric, or some other suitable material. In
addition, various techniques may be used to provide one or more conductors
in a substrate. For example, a conductor may be imbedded in a substrate,
attached to a surface of a substrate, or coupled with a substrate in some other
manner. Hence, a substrate described herein as having multiple layers may
be formed from separate layers or may be formed as a single component
(e.g., where the different “layers” relate to different areas of the substrate as
opposed to different layer subcomponents).

[00102] It should be appreciated that various modifications may be
incorporated into the disclosed embodiments based on the teachings herein.
For example, one or more of the components described in one figure (e.g., a
crystal, a voltage controlled oscillator, a multi-conductor flexible substrate, and
so on) may be used in an implementation shown in another figure. Also,

various types of sensing circuits, signal generator circuits, flexible substrates,
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and electrical conductors other than those specifically mentioned above may
be employed in accordance with the teachings herein.

[00103] In addition, the teachings herein may be employed in sensing
devices that use signals of various frequencies. In some implementations the
angular displacement of a flexible substrate may be determined through the
use of signals in the range of 50 - 100 GHz (e.g., including the unlicensed 60
GHz band designated for point-to-point wireless systems and other wireless
bands in that range). In some implementations the angular displacement of a
flexible substrate may be determined through the use of signals below the
mm-wave range.

[00104] Furthermore, it should be appreciated that a sensing device as
taught herein may be configured to detect a shift in frequency or some other
characteristic of a signal. As an example, a mm-wave circuit may comprise a
circuit that is used to set the frequency of an oscillating circuit of a signal
generator. In this case, displacement of the flexible substrate may cause a
change in an electrical characteristic (e.g., one or more of capacitance,
inductance, and resistance) of the mm-wave circuit. Consequently, this
displacement may cause a corresponding change in the operating frequency
of the oscillating circuit. A signal processing circuit of a detector (e.g., the
detector circuit 108 configured as a frequency detector) may then be
configured to detect such a shift in frequency.

[00105] Also, a change in a circuit parameter caused by displacement of a
flexible substrate may be achieved in various ways. For example, as
mentioned above a flexible substrate may incorporate a mechanically
sensitive dielectric whereby a displacement of the flexible substrate causes
the dielectric constant to change. Also, a flexible substrate may employ

waveguide patterns that alter signal characteristics (e.g., phase and/or
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amplitude) upon displacement of the flexible substrate. For example, such a
pattern may amplify any phase difference that occurs when the flexible
substrate is displaced.

[00106] It also should be appreciated that the various structures and
functions described herein may be implemented in various ways and using a
variety of apparatuses. For example, a device may be implemented by
various hardware components such a processor, a controller, a state
machine, logic, or some combination of one or more of these components.
[00107] In some embodiments, code including instructions (e.g., software,
firmware, middleware, etc.) may be executed on one or more processing
devices to implement one or more of the described functions or components.
The code and associated components (e.g., data structures and other
components by the code or to execute the code) may be stored in an
appropriate data memory that is readable by a processing device (e.g.,
commonly referred to as a computer-readable medium).

[00108] The recited order of the blocks in the processes disclosed herein is
simply an example of a suitable approach. Thus, operations associated with
such blocks may be rearranged while remaining within the scope of the
present disclosure. Similarly, the accompanying method claims present
operations in a sample order, and are not necessarily limited to the specific
order presented.

[00109] The components and functions described herein may be connected
or coupled in various ways. The manner in which this is done may depend, in
part, on whether and how the components are separated from the other
components. In some embodiments some of the connections or couplings
represented by the lead lines in the drawings may be in an integrated circuit,

on a circuit board or implemented as discrete wires, or in some other way.
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[00110] The signals discussed herein may take various forms. For
example, in some embodiments a signal may comprise electrical signals
transmitted over a wire, light pulses transmitted through an optical medium
such as an optical fiber or air, or RF waves transmitted through a medium
such as air, etc. In addition, a plurality of signals may be collectively referred
to as a signal herein. The signals discussed above also may take the form of
data. For example, in some embodiments an application program may send a
signal to another application program. Such a signal may be stored in a data
memory.

[00111] Also, it should be understood that any reference to an element

herein using a designation such as “first,” “second,” and so forth does not
generally limit the quantity or order of those elements. Rather, these
designations may be used herein as a convenient method of distinguishing
between two or more elements or instances of an element. Thus, a reference
to first and second elements does not mean that only two elements may be
employed there or that the first element must precede the second element in
some manner. Also, unless stated otherwise a set of elements may comprise
one or more elements.

[00112] While certain sample embodiments have been described above in
detail and shown in the accompanying drawings, it is to be understood that
such embodiments are merely illustrative of and not restrictive of the
teachings herein. In particular, it should be recognized that the teachings
herein may apply to a wide variety of apparatuses and methods. It will thus
be recognized that various modifications may be made to the illustrated and
other embodiments as taught herein, without departing from the broad

inventive scope thereof. In view of the above it will be understood that the

teachings herein are not limited to the particular embodiments or
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arrangements disclosed, but are rather intended to cover any changes,
adaptations or modifications which are within the scope of the appended

claims.
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WHAT IS CLAIMED IS:

1. An apparatus for determining angular displacement, comprising:

a flexible substrate; and

a signal processing circuit configured to generate an indication of
angular displacement of the flexible substrate based on an electrical change

to a mm-wave circuit associated with the flexible substrate.

2. The apparatus of claim 1, wherein:

the electrical change relates to a change in phase of a mm-wave
signal; and

the signal processing circuit comprises a phase detector coupled to the
mm-wave circuit and configured to provide an output signal indicative of the

change in phase.

3. The apparatus of claim 1, wherein:

the electrical change relates to a change in amplitude of a mm-wave
signal; and

the signal processing circuit comprises an amplitude detector coupled
to the mm-wave circuit and configured to provide an output signal indicative of

the change in amplitude.

4. The apparatus of claim 1, wherein:
the electrical change relates to a change in frequency of a mm-wave

signal; and
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the signal processing circuit comprises a frequency detector coupled to
the mm-wave circuit and configured to provide an output signal indicative of

the change in frequency.

5. The apparatus of claim 1, wherein:

the electrical change relates to timing and/or shape of a reflected pulse
signal; and

the signal processing circuit comprises a pulse detector coupled to the
mm-wave circuit and configured to provide an output signal indicative of the

timing and/or shape of the reflected pulse signal.

6. The apparatus of claim 1, wherein:

a first layer of the flexible substrate comprises a first conductor;

a second layer of the flexible substrate comprises a second conductor;
and

the first and second conductors are oriented in the flexible substrate
such that the angular displacement of the flexible substrate causes
displacement of at least one edge of the first conductor relative to at least one

edge of the second conductor thereby inducing the electrical change.

7. The apparatus of claim 6, wherein:

the at least one edge of the first conductor comprises a first plurality of
edges;

the at least one edge of the second conductor comprises a second
plurality of edges; and

the first and second plurality of edges are substantially parallel.
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8. The apparatus of claim 6, wherein:

the at least one edge of the first conductor comprises a first end of the
first conductor;

the at least one edge of the second conductor comprises a second end
of the second conductor; and

the displacement of at least one edge of the first conductor comprises
a substantially linear displacement of the first end relative to the second end

along a longitudinal axis of the flexible substrate.

9. The apparatus of claim 1, wherein the flexible substrate
comprises:

a first flexible subcomponent comprising a first set of electrical
conductors;

a second flexible subcomponent comprising a second set of electrical
conductors; and

a mechanical coupler configured to couple the first and second flexible
subcomponents such that the first flexible subcomponent is able to move
relative to the second flexible subcomponent;

wherein the first and second sets of electrical conductors are
respectively located in the first and second flexible subcomponents to enable
coupling of mm-wave signals from a first end portion of the first set of
electrical conductors to a second end portion of the second set of electrical

conductors.

10.  The apparatus of claim 9, wherein the mechanical coupler is

further configured to allow substantially linear displacement of the first flexible
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subcomponent relative to the second flexible subcomponent along a

longitudinal axis of the flexible substrate.

11.  The apparatus of claim 9, wherein at least one conductor of the

first and second sets of electrical conductors has a tapered end.

12.  The apparatus of claim 1, wherein:

the flexible substrate comprises a plurality of electrical conductors;

the electrical conductors are positioned to enable mm-wave signals to
be coupled from a first end portion of a first one of the electrical conductors to
a second end portion of a second one of the electrical conductors; and

at least one portion of the flexible substrate adjacent the first and

second end portions is configured to fold.

13.  The apparatus of claim 12, wherein at least one of the first and

second end portions has an irregular shape.

14.  The apparatus of claim 1, further comprising a signal generator

configured to generate a mm-wave signal for the mm-wave circuit.

15.  The apparatus of claim 14, wherein the signal generator

comprises a locked loop circuit.

16.  The apparatus of claim 15, wherein the locked loop circuit

comprises a crystal-driven phase locked loop.
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17.  The apparatus of claim 14, wherein the signal generator

comprises a free-running voltage controlled oscillator.

18.  The apparatus of claim 14, wherein:

the signal generator comprises a directional coupler configured to
provide a mm-wave signal for the mm-wave circuit; and

the signal processing circuit is configured to detect a change in

amplitude of the mm-wave signal.

19.  The apparatus of claim 18, wherein the signal processing circuit
is further configured to detect a change in phase of the mm-wave signal and
comprises a mixer that is:

coupled to receive the mm-wave signal of the mm-wave circuit;

coupled to receive another mm-wave signal from another directional
coupler; and

configured to provide an output signal indicative of the change in

amplitude and the change in phase.

20.  The apparatus of claim 1, further comprising a pulse generator

configured to provide pulses for the mm-wave circuit.

21.  The apparatus of claim 1, wherein the signal processing circuit
comprises a mixer that is:

coupled to receive a first signal from a first terminal of the mm-wave
circuit;

coupled to receive a second signal from a second terminal of the mm-

wave circuit; and
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configured to provide a signal indicative of a phase difference between

the first and second signals.

22.  The apparatus of claim 21, wherein the signal processing circuit
comprises:

a filter configured to filter the signal provided by the mixer to provide a
filtered signal;

an analog-to-digital converter configured to provide a digital signal
based on the filtered signal; and

a digital signal processor configured to process the digital signal to

provide the indication of angular displacement.

23.  The apparatus of claim 1, further comprising:

a filter coupled to the mm-wave circuit and configured to substantially
attenuate a mm-wave signal of the mm-wave circuit and configured to pass a
power signal; and

a power distribution circuit coupled to the filter to receive the power
signal and configured to distribute the power signal to the signal processing

circuit.

24.  The apparatus of claim 1, wherein:

the flexible substrate comprises a first end and a second end;

the apparatus further comprises a signal generator coupled to the first
end of the flexible substrate and configured to provide a mm-wave signal for

the mm-wave circuit; and
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the signal processing circuit is coupled to the second end of the flexible
substrate and is configured to receive the mm-wave signal of the mm-wave

circuit.

25. A method of determining angular displacement, comprising:

detecting an electrical change to a mm-wave circuit associated with a
flexible substrate; and

determining angular displacement of the flexible substrate based on

the detected electrical change.

26. The method of claim 25, wherein the detection of an electrical

change relates to detecting a change in phase of a mm-wave signal.

27. The method of claim 25, wherein the detection of an electrical

change relates to detecting a change in amplitude of a mm-wave signal.

28. The method of claim 25, wherein the detection of an electrical

change relates to detecting a change in frequency of a mm-wave signal.

29. The method of claim 25, wherein the detection of an electrical

change relates to detecting timing and/or shape of a reflected pulse signal.

30. The method of claim 25, wherein:
a first layer of the flexible substrate comprises a first conductor;
a second layer of the flexible substrate comprises a second conductor;

and
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the first and second conductors are oriented in the flexible substrate
such that the angular displacement of the flexible substrate causes
displacement of at least one edge of the first conductor relative to at least one

edge of the second conductor thereby inducing the electrical change.

31.  The method of claim 30, wherein:

the at least one edge of the first conductor comprises a first plurality of
edges;

the at least one edge of the second conductor comprises a second
plurality of edges; and

the first and second plurality of edges are substantially parallel.

32. The method of claim 30, wherein:

the at least one edge of the first conductor comprises a first end of the
first conductor;

the at least one edge of the second conductor comprises a second end
of the second conductor; and

the displacement of at least one edge of the first conductor comprises
a substantially linear displacement of the first end relative to the second end

along a longitudinal axis of the flexible substrate.

33. The method of claim 25, wherein the flexible substrate
comprises:

a first flexible subcomponent comprising a first set of electrical
conductors;

a second flexible subcomponent comprising a second set of electrical

conductors; and
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a mechanical coupler configured to couple the first and second flexible
subcomponents such that the first flexible subcomponent is able to move
relative to the second flexible subcomponent;

wherein the first and second sets of electrical conductors are
respectively located in the first and second flexible subcomponents to enable
coupling of mm-wave signals from a first end portion of the first set of
electrical conductors to a second end portion of the second set of electrical

conductors.

34.  The method of claim 25, further comprising generating a mm-

wave signal for the mm-wave circuit.

35. The method of claim 25, further comprising providing pulses for

the mm-wave circuit.

36. The method of claim 25, wherein the detection of an electrical
change comprises mixing a first signal from a first terminal of the mm-wave
circuit with a second signal from a second terminal of the mm-wave circuit to
provide an output signal indicative of a phase difference between the first and

second signals.

37. The method of claim 25, wherein:

a directional coupler provides a mm-wave signal for the mm-wave
circuit; and

the detection of an electrical change comprises detecting a change in

amplitude of the mm-wave signal.
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38. The method of claim 37, wherein the detection of an electrical
change further comprises mixing the mm-wave signal of the mm-wave circuit
with another mm-wave signal provided by another directional coupler to detect
the change in amplitude and to detect a change in phase of the mm-wave

signal.

39. The method of claim 25, further comprising:

receiving a signal from the mm-wave circuit;

filtering the received signal to attenuate a mm-wave signal and provide
a power signal; and

distributing the power signal to at least one component.

40.  An apparatus for determining angular displacement, comprising:

means for detecting an electrical change to a mm-wave circuit
associated with a flexible substrate; and

means for determining angular displacement of the flexible substrate

based on the detected electrical change.

41.  The apparatus of claim 40, wherein the detection of an electrical

change relates to detecting a change in phase of a mm-wave signal.

42.  The apparatus of claim 40, wherein the detection of an electrical

change relates to detecting a change in amplitude of a mm-wave signal.

43. The apparatus of claim 40, wherein the detection of an electrical

change relates to detecting a change in frequency of a mm-wave signal.
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44.  The apparatus of claim 40, wherein the detection of an electrical

change relates to detecting timing and/or shape of a reflected pulse signal.

45.  The apparatus of claim 40, wherein:

a first layer of the flexible substrate comprises a first conductor;

a second layer of the flexible substrate comprises a second conductor;
and

the first and second conductors are oriented in the flexible substrate
such that the angular displacement of the flexible substrate causes
displacement of at least one edge of the first conductor relative to at least one

edge of the second conductor thereby inducing the electrical change.

46. The apparatus of claim 45, wherein:

the at least one edge of the first conductor comprises a first plurality of
edges;

the at least one edge of the second conductor comprises a second
plurality of edges; and

the first and second plurality of edges are substantially parallel.

47.  The apparatus of claim 45, wherein:

the at least one edge of the first conductor comprises a first end of the
first conductor;

the at least one edge of the second conductor comprises a second end
of the second conductor; and

the displacement of at least one edge of the first conductor comprises
a substantially linear displacement of the first end relative to the second end

along a longitudinal axis of the flexible substrate.
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48. The apparatus of claim 40, wherein the flexible substrate
comprises:

a first flexible subcomponent comprising a first set of electrical
conductors;

a second flexible subcomponent comprising a second set of electrical
conductors; and

means for coupling the first and second flexible subcomponents such
that the first flexible subcomponent is able to move relative to the second
flexible subcomponent;

wherein the first and second sets of electrical conductors are
respectively located in the first and second flexible subcomponents to enable
coupling of mm-wave signals from a first end portion of the first set of
electrical conductors to a second end portion of the second set of electrical

conductors.

49.  The apparatus of claim 48, wherein the means for coupling
allows substantially linear displacement of the first flexible subcomponent
relative to the second flexible subcomponent along a longitudinal axis of the

flexible substrate.

50. The apparatus of claim 40, further comprising means for

generating a mm-wave signal for the mm-wave circuit.

51.  The apparatus of claim 40, further comprising means for

providing pulses for the mm-wave circuit.

PCT/US2009/038085
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52.  The apparatus of claim 40, wherein the means for detecting
comprises means for mixing a first signal from a first terminal of the mm-wave
circuit with a second signal from a second terminal of the mm-wave circuit to
provide an output signal indicative of a phase difference between the first and

second signals.

53. The apparatus of claim 40, wherein:

a directional coupling means provides a mm-wave signal for the mm-
wave circuit; and

the means for detecting detects a change in amplitude of the mm-wave

signal.

54.  The apparatus of claim 53, wherein the means for detecting
further comprises means for mixing the mm-wave signal of the mm-wave
circuit with another mm-wave signal provided by another directional coupling
means to detect the change in amplitude and to detect a change in phase of

the mm-wave signal.

55.  The apparatus of claim 40, further comprising:

means for receiving a signal from the mm-wave circuit;

means for filtering the received signal to attenuate a mm-wave signal
and provide a power signal; and

means for distributing the power signal to at least one component.

56. A system responsive to angular displacement, comprising:

a flexible substrate;
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a signal processing circuit configured to generate an indication of
angular displacement of the flexible substrate based on an electrical change
to a mm-wave circuit associated with the flexible substrate; and

a processing system configured to perform at least one operation

based on the indication of angular displacement.

57.  The system of claim 56, wherein the electrical change
comprises at least one of the group consisting of: a change in phase, a
change in frequency, a change in amplitude, or a change in timing and/or

shape of a reflected pulse.

58. The system of claim 56, wherein:

the flexible substrate comprises a first layer comprising a first electrical
conductor and a second layer comprising a second electrical conductor; and

the displacement causes the first electrical conductor to be displaced
relative to the second electrical conductor thereby inducing the electrical

change.

59.  The system of claim 56, wherein the at least one operation
relates to fault detection, virtual reality, video gaming, biomedical

rehabilitation, biomechanics, or robotics.
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