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(57) Abstract: A device comprises a processor coupled with an ultrasonic transducer which is configured to repeatedly emit ultrasonic
pulses during transmit periods which are interspersed with listening windows. Each sequential pair of the transmit periods is separated
by a single listening window of the listening windows. During a fixed portion of a listening window of the listening windows the
ultrasonic transducer is configured to receive returned signals corresponding to an emitted ultrasonic pulse of the ultrasonic pulses
which was transmitted during a transmit period of the transmit periods that immediately preceded the listening window. The processor
randomizes an overall length of each listening window of the listening windows. The processor directs filtering of returned signals
received during a plurality of the randomized listening windows to achieve filtered returned signals. The processor detects, using the
filtered returned signals, a moving object in a field of view of the ultrasonic transducer.
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COEXISTENCE OF ULTRASONIC TRANSDUCERS IN AN OPERATING
ENVIRONMENT

REFERENCE TO RELATED APPLICATIONS

[00G 1] This application 18 a continuation of and claims the benefit of co-pending U S,
Patent Application No. 18/207,762, filed on June 09, 2023, Attorney Docket Number [VS-
1047, entitled “COEXISTENCE OF ULTRASONIC TRANSDUCERS IN AN
OPERATING ENVIRONMENT,” by Dautela Hall et al., and assigned to the assigoee of
the present application, the disclosure of which is hereby incorporated herein by reference

in s entirety,

[0002] The application with Serial Number 18/207,762 claims priority to and benefit of
co-pending U.S. Provisional Patent Application No. 63/354,601, filed on June 22, 2022,
entitied “Method to Reduce False Positive Detections on Ultrasound Data Due to Presence
of Other Ultrasound Sources,” by Daniela Hall, having attorney docket number 1VS-1047-
PR, and assigned to the assignee of the present application, the disclosure of which is

hereby tncorporated herein by reference o its entirety.
BACKGROUND

[00G3T A variety of devices exist which utilize ulirasonic sensing to detect the presence of
moving and/or stationary objects in their operating environment. Some non-inclusive
examples include personal computers, electronic door locks, and robotic vacuums. Some
devices such as personal computers and electronic door focks may be stationary much of
the time. Such stationary or mostly non-moving objects may use ultrasonic sensing to
detect a potential approaching user in their operating environment so that they may, for
example, begin exiting a power saving mode responsive to detecting a potential
approaching user. Other devices, such as robotic vacuurns or other vehicles, which move
about such as on floors or other surfaces may use ultrasonic sensing to detect for moving
and/or stationary objects in their operating envivonruent to facilitate avordance of such
detected objects. It should be appreciated that these examples are only a small subset of
the devices that may be utilizing ultrasonic signals for sensing in an operating environment

such as a building, room, etc. Increasingly, because of this widespread use of ultrasonic
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sensors, there may be two or more devices emitting ultrasonic signals that may be received
both by the emitting devices and by one or more other devices which share the same

operating environment.
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BRIEF BESCRIPTION OF THE DRAWINGS

[0004] The accompanying drawings, which are incorporated in and form a part of the
Description of Embodiments, illustrate various embodiments of the subject matter and,
together with the Description of Embodiments, serve to explain principles of the subject
matter discussed below. Unless specifically noted, the drawings referred to in this Brief
Description of Drawings should be understood as not being drawn to scale. Herein, like

ttems are labeled with like item numbers.

[0005] Figures 1A and 1B show example block diagrams of some aspects of a device
which uses ultrasonic signals to sense objects in its operating environment, in accordance

with various embodiments.

00061 Figure 2A shows an operating environment in which a computer is using ulirasonic
sensing to detect for the presence of potential users such as the human user depicted

walking toward the computer, in accordance with various embodiments.

{00071 Figure 2B shows an operating environment in which a pair of computers are using
ultrasonic sensing with closely matched operating frequencies to detect for the presence of
potential users and where one of the cornputers has a drift in the timung of its ultrasonic
sensing, and where one or both of the computers are using ultrasonic sensing to detect for

presence of a potential users, in accordance with various embodiments.

[0008] Figure 2C shows an operating environment in which a pair of computers are using
ultrasonic sensing with closely matched operating frequencies to detect for the presence of
potential users and where one of the computers has a drift in the timing of its ultrasonic
sensing and where one or both of the computers are using ultrasonic sensing to detect for
presence of a potential users such as the human user depicted walking toward the

computers, in accordance with various embodiments,

[0009] Figure 3 illustrates an example transmit/receive timing diagram for an ultrasonic
sensor along with several corresponding measurement diagrams of ultrasonic signals
received during an approach of a human, in accordance with conventional sensing

techniques.

[
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[0010] Figure 4 illustrates an example transmit/recetve fiming diagram for a first
ultrasonic sensor, a transmission timing diagram for a second ultrasonic sensor, and
several corresponding measurement diagrams showing ultrasonic signals transmitted by
the second ultrasonic sensor and recetved by the first ultrasonic sensor, 1o accordance with

conventional sensing technigues.

(00117 Figure 5 illustrates an example flowchart for operating an ultrasonic seusor to
avoid contention with and facilitate coexistence with other ultrasonic sensors, in

accordance with various embodiments.

[0012] Figure 6 dlustrates states of an example state machine for determining an operating

mode for a device, in accordance with various embodiments.

[0013] Figure 7 illustrates portions of a single fixed rate sensing cycle of an ultrasonic

transducer, in accordance with various embodiments.

[0014] Figure 8BA illustrates portions of and a maximum length of a randomized sensing

cycle of an ultrasonic transducer, in accordance with various embodiments.

[0015] Figure 8B illustrates portions of and a rowimum fength of a randomized sensing

cycle of an ultrasonic transducer, in accordance with various embodiments.

[0016] Figure 9 illustrates an example transmit/recetve timing diagram for an ultrasonic
sensor along with several corresponding measurement diagrams of ultrasonic signals

recetved during an approach of a human, in accordance with various embodiments,

{00177 Figure 10 illustrates an example transmit/receive timing diagram for a first
ultrasonic sensor, a transmission timing diagram for a second ultrasonic sensor, and
several correspounding measurement diagrams showing ultrasonic signals transmitted by
the second ultrasonic sensor and received by the first ultrasonic sensor, in accordance with

various embodiments.

[0018] Figure 11 llustrates an example transmit/receive timing diagram for a first
ultrasonic sensor, a transmission timing diagram for a second ultrasonic sensor, and
several corresponding measurement diagrams showing ultrasonic signals received by the

first ultrasonic sensor during an approach of a human along with ultrasonie signals
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transmitted by the second ultrasonic sensor and received by the first ultrasonic sensor, in

accordance with various embodiments.

(00197 Figure 12 lustrates a flow diagram of an example method of operating an
ultrasonic transducer to facilitate coexistence with other ulirasonic sensors in the operating

environment of the ultrasonic transducer, in accordance with various embodiments.
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DETAHED DESCRIPTION

[0020] Reference will now be made in detail to various embodiments of the subject
matter, examples of which are illustrated in the accompanying drawings. While various
embodiments are discussed herein, it will be understood that they are not intended to limit
to these embodiments. On the contrary, the presented embodiments are intended to cover
alternatives, modifications and equivalents, which may be included within the spirit and
scope the vartous embodiments as defined by the appended claims. Furthermore, in this
Descuption of Embodiments, numerous specific details are set forth 1u order to provide a
thorough understanding of embodiments of the present subject matter. However,
embodiments may be practiced without these specific details. In other instances, well
known methods, procedures, components, and circuits have not been described 1n detatl as

not to unnecessarily obscure aspects of the described embodiments.
Overview of Discussion

(00217 As described previcusly, because of the widespread use of ultrasonic sensors, there
may be two or more devices emutting ultrasonic signals that roay be received both by the
emitting device and by one or more other ultrasonic sensing devices which share the same
operating environment. For example, a first device may sense signals from a second
device and in some sttuations such as when the two devices operate at similar sensing
cyele iming that overlaps transmit and receive periods or else drifts shightly relative to one
another, the first device may interpret the received signals from the second device as a
moving object - even if both devices are stationary. Such a false detection of a moving
object may trigger the first device to take an unnecessary action such as powering up due
to falsely interpreting a user is coming near or is present, or even taking an evasive
maneuver due to falsely interpreting a collision with a moving object is imminent. Herein
techniques are described replacing a regular fixed interval sensing cycles/measurement
periods of an ultrasonic sensor with randomized sensing cycles/measurement periods
which, overtime result in the same number of measurements as would be made during
fixed (non-randomized) measurement periods over the same time span, because it is
randomized around the fixed measurement period of the sensor. As described, this
randomization facilitates coexistence of two or more ultrasonic sensors in a shared
operating environruoent in which transmissions from the ultrasonic sensors can be received

by other ultrasonic sensors in the environment. What is meant by “coexistence” 1s that, by

6
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virtue of the randomization of the sensing by an ultrasonic sensor, false detections of
moving objects due to receipt of ultrasonic signals transmitted by other ultrasonic sensors
will be etther eliminated or reduced to the point they are nearly eliminated. For example,
rather than having several false detections of a moving obiect per hour a device may go
several hours {or longer) without a single false detection of a moving object. In this
manner, problems caused by interference from neighboring ultrasonic sensors operating in

the same environment 18 drastically reduced.

100221 Discussion begins with a description of notation and nomenclature. Dhscussion
then shifts to description of some block diagrams of example components of some
example devices which utilize ultrasonic sensor. Some example depictions of a devices, in
the form notebook computers, are discussed. Conventional sensing results are depicted to
show how coexistence of devices with ultrasonic sensors can be frustrated, when one
device senses ultrasonic signals transmitied by another. A high-level flowchart of the
technique of randomized time-hopping of ultrasonic measurements is described, as well as
a state diagram for determining an operating state of a device relative to detected presence
of a potential user. Examples of fixed and randomized sensing cycles are depicted and
described followed by examples of operation of ultrasonic sensing with randomization of
sensing cycles 1s described. Finally, an example method of operating an ultrasonic
transducer to facilitate coexistence with other ultrasonic sensors in the operating
environment of the ultrasonic transducer, 18 described in accordance with various

embodiments.
Notation and Nomenclature

[0023] Some portions of the detailed descriptions which follow are presented in terms of
procedures, togic blocks, processes, modules and other symbolic representations of
operations on data bits within a computer memory. These descriptions and representations
are the means used by those skilled in the data processing arts to most effectively convey
the substance of their work to others skilled in the art. In the present application, a
procedure, logic block, process, module, or the like, 1s conceived to be one or more self-
consistent procedures or instructions leading to a desired result. The procedures are those
requiring physical manipulations of physical quantities. Usually, although not necessarily,

these quantities take the form of electrical or magnetic signals capable of being stored,
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transferred, combined, compared, and otherwise manipulated in an electronic

device/component.

{00247 K should be borne in mind, however, that all of these and similar terms are to be
associated with the appropriate physical quantities and are merely convenient labels
applied to these quantities. Unless specifically stated otherwise as apparent from the
following discussions, it is appreciated that throughout the description of embodiments,

29 wc

discussions utilizing terms such as “controlling,” “randomizing,” “directing,” “filtering,”

2 2% 04

“detecting,” “emitting,” “traunsmitting,” “receiving,” “subtracting,” “selecting,” “low-pass

2% <6 3 2% 6l

filtering,” “median filtering,” “random sample consensus filtering,” “adjusting,”

3

“employing,” “deternuning,” or the like, refer to the actions and processes of an electronic
device or component such as: a host processor, a sensor processing unit, a sensor
processor, a digital signal processor or other processor, a memory, a sonic sensor {e.g., an
ultrasonic sensor/transducer), a device utilizing an ultrasonic sensor/iransducer, some
combination thereof, or the like. The electronic device/component manipulates and
transforms data represented as physical {electronic and/or magnetic) guantities within the
registers and memories into other data similarly represented as physical quantities within
mernories or registers or other such information storage, transmission, processing, or

display components.

00251 Embodiments described herein may be discussed in the general context of
processor-executable instructions residing on some form of non-transitory processor-
readable medium, such as program modules or logic, executed by one or more computers,
processors, or other devices. Generally, program modules include routines, programs,
objects, components, data structures, etc., that perforrn particular tasks or implement
particular abstract data types. The functionality of the program modules may be combined

or distributed as desired in various embodiments.

100261 In the figures, a single block may be described as performing a function or
functions, however, 1n actual practice, the function or functions performed by that block
may be performed in a single component or across multiple components, and/or may be
performed using hardware, using software, or using a combination of hardware and
software. To clearly illustrate this interchangeability of hardware and software, various
Hhustrative components, blocks, modules, circuits, and steps have been described generally

in terms of their functionality. Whether such functionality 1s implemented as hardware or

8
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software depends upon the particular application and design constrainis imposed on the
overall system. Skilled artisans may implement the described functionality in varying
ways for each particular application, but such implementation decisions shouid not be
mterpreted as causing a departure from the scope of the present disclosure. Also, the
example electronic device(s) described herein may include components other than those

shown, including well-known components.

(00277 The techniques described herein may be implemented in hardware, or a
combination of hardware with firmware and/or software, unless specifically described as
being implemented in a specific manner. Any features described as modules or
components may also be implemented together in an integrated logic device or separately
as discrete but interoperable logic devices. If implemented in software, the techniques
may be realized at least in part by a non-transitory computer/processor-readable storage
medium comprising computer/processor-readable instructions that, when executed, cause
a processor and/or other components of a computer or electronic device to perform one or
more of the methods described herein. The non-transitory processor-readable data storage
medium may form part of a computer progran product, which may include packaging

materials.

[0028] The non-transitory processor-readable storage medium (also referred to as a non-
transitory computer-readable storage medium) may comprise random access memory
{(RAM)} such as synchronous dynamic randorn access memory (SDRAM), read only
memory {ROM), non-volatile random access memory (NVRAM), electrically erasable
programmable read-only memory (EEPROM), flash memory, other known storage media,
and the like. The technigues additionally, or alternatively, may be realized at least in pant
by a processor-readable communication medium that carries or communicates code in the
form of instructions or data structures and that can be accessed, read, and/or executed by a

computer or other Processor.

[0029] The varicus tllustrative logical blocks, modules, circuits and instructions described
in connection with the embodiments disclosed herein may be executed by one or more
processors, such as host processor{s} or core(s) thereof, digital signal processors (D8Ps),
general purpose microprocessors, application specific integrated circuits {ASICs),
application specific instruction set processors (ASIPs), field programumable gate arrays

(FPGAS), or other equivalent integrated or discrete logic circuitry. The term “processor,”

o
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as used herein may refer to any of the foregoing structures or any other structure suitable
for implementation of the techniques described herein. In addition, in some aspects, the
functionality described herein may be provided within dedicated software modules or
hardware modules configured as described herein. Also, the techniques could be fully
implemented 1n one or more circuits or logic elements. A general purpose processor may
be a microprocessor, but in the alternative, the processor may be any conventional
processor, controller, microcontrolier, or state machine. A processor roay also be
implemented as a combination of computing devices, e.g., a plurality of microprocessors,
One OF MOTe NUCTOProcessors in conjunction with an ASIC or DSP, or any other such

configuration or suitable combination of processors.

00307 In various example embodiments discussed herein, a chip is defined to include at
least one substrate typically formed from a semiconductor material. A single chip may,
for example, be tormed from multiple substrates, where the substrates are wechanically
bonded to preserve the functionality. Multiple chip (or multi-chip) includes at least two
substrates, wherein the two substrates are electrically connected, but do not require

mechanical bonding.

[0031] A package provides electrical connection between the bond pads on the chip {or for
exarmple a multi-chip module) to a metal lead that can be soldered to a printed circuit
board (or PCB}. A package typically comprises a substrate and a cover. An Integrated
Circutt (IC) substrate may refer to a silicon substrate with electrical circuits, typically
CMOS circuits but others are possible and anticipated. A MEMS substirate provides
mechanical support for the MEMS structure(s). The MEMS structural layer is attached to
the MEMS substrate. The MEMS substrate is also referred to as handle substrate or
handle wafer. In some embodiments, the handle substrate serves as a cap to the MEMS

structure.

100327 Some embodiments may, for example, comprise one or more sonic sensors. This
sensor may be any suitable sonic sensor operating in any suitable sonic range. For
exarnple, in some embodiments, the sonic sensor may be an ultrasonic sensor which
utitizes a MEMs ultrasonic fransducer. In some embodiments, the sonic sensor may
include digital signal processor (DSFP) which may be disposed as a part of an ASIC which
may be integrated into the same package as a transducer. One example of such an

ultrasonic sensor which may be utilized with various embodiments, without limitation

16
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thereto, is the CH101 ultrasonic range sensor and/or the CH201 long-range ultra-low-
power integrated MEMS ultrasonic time-of-tlight range sensor, both available from Chirp
Microsystems, a TBK Group Company, of Berkley, California. The CHI01 and the
CH201 are only two examples of ultrasonic sensors, other types and/or brands of

ultrasonic sensors mway be similarly utilized.

(00331 Some embodiments may, for exaraple, comprise one or more motion sensors along
with one or more ultrasonic sensors. For example, an embodiment with one or more
ultrasonic sensors may additionally be coupled with a 9-axis motion sensing device {e.g.,
an accelerometer, a gvroscope, and a magnetometer or other compass technology, which
each provide a measurement along three axes that are orthogonal relative to each other).

In another embodiment, one or more ultrasonic sensors may be coupled with a 6-axis
motion sensing device {e.g., a three-axas accelerometer and a three-axis gyroscope). Other
embodiments may, for exarople, comprise one or more uitrasonic sensors coupled with
motion sensors that form a 10-axis device {e.g., an accelerometer, gyroscope, compass,
and pressure sensor). Uther embodirents may not include all the sensors or may provide
measurements along one or more axes. Some or all of the sensors may be MEMS sensors.
Some or all of the sensors may be incorporated in a sensor processing unit along with a

sensor processor and disposed in a single semiconductor package.

00347 In some embodiments, for example, ong or more sensors may be formed on 3 first
substrate. Various embodiments may, for example, include solid-state sensors and/or any
other type of sensors. The electronic circuits 1n 8 sensor processing unit may, for example,
receive measurement ocutputs from the one or more sensors. In various embodiments, the
electronic circuits process the sensor data. The electronic circuits may, for example, be
implemented on a second silicon substrate. In some embodiments, the first substrate may
be vertically stacked, attached and electrically connected to the second substrate in a
single semiconductor chip, while in other embodiments, the first subsirate may be
disposed laterally and electrically connected to the second substrate in a single

semiconductor package, such as a single integrated circuit,
Example Devices

[0035] Figures 1A and 1B show exaruple block diagrams of some aspects of a device 100

{e.g., 100A in Figure 1A and/or 100B in Figure 1B} which uses ultrasonic signals to sense

11
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obiects in its operating environment, in accordance with various embodiments. The
sensed objects may be stationary or moving, but a frequent interest is in detecting moving
objects in the vicinity of the device 100 so that a responsive action may be taken by the
device when a moving object (which may be a user} 1s detected. Herein, a device 100 may
be any device that uses ultrasonic sensing. v an eovironment with a plurality of devices
100 some of the devices may be the same or different. For example, one device 100 may
be a coraputer, while another device 100 may be robotic vacuum or an electronic door

tock.

00361 Attention is directed to Figure 1A which shows a block diagram of components of
an example device 100A which utilizes ultrasonic sensing to detect objects in its vicinity.
As shown, example device 100A comprises a communications interface 105, a host
processor 110, host memory 111, and at least one ultrasonic sensor 150, In some
embodiments, device 100A may additionally include one or more of a transceiver 113, and
onte or more ultrasonic sensors 150 (an ultrasonic sensor may be an ultrasonic transducer
which both transmits and recetves). Tn some embodiments, device 100A may additionally
include one or more motion sensors 160, Some embodiments may, for example, include
additional sensors used to detect motion, position, user presence, of environmental context
in the vicinity of device 100A. Some examples of these additional sensors may include,
but are not limited to: infrared sensors, cameras, microphones, and/or global navigation
satellite system sensors {(i.e., a giobal positioning system receiver). As depicted in Figure
1A, included components are communicatively coupled with one another, such as, via

communications interface 108,

00371 The host processor 110 may, for example, be configured to perform the various
computations and operations involved with the general function of device 100A {e g,
sending commands to move, steer, avord obstacles, and operate/control the operation of
tools}. Host processor 110 can be one or more microprocessors, central processing units
(CPUs), DSPs, general purpose nicroprocessors, ASICs, ASIPs, FPGAs or other
processors which run software programs or applications, which may be stored in host
memory 111, associated with the general and conventional functions and capabilities of

device 100A.

00381 Commumications interface 105 may be any suitable bus or interface, such as a

peripheral component interconnect express (PCle) bus, a universal serial bus (USB), a

12
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universal asynchronous recetver/transmitter (UART) sertal bus, a suitable advanced
nucrocontrolier bus architecture {AMBA ) interface, an Inter-Integrated Circuit (12C) bus,
a serial digital input output (SDIO) bus, or other equivalent and may include a plurality of
communications interfaces. Communications interface 105 may facilitate communication
between SPU 120 and oue or more of host processor 110, host memory 111, transceiver

113, ultrasonic sensor 150, motion sensor(s) 160 (when included).

[0039] Host memory 111 may comprise programs, modules, applications, or other data for
use by host processor 110, To some emwbodiments, host mmemory 111 may also hold
information that that is received from or provided to sensor processing unit 120 {(see e.g.,
Figure 1B). Host memory 111 can be any suitable type of memory, including but not
fimited to electronic memory {e.g., read ouly memory (ROM)}, random access memory

(RAM), or other electronic memory).

00407 Transceiver 113, when included, may be one or more of a wired or wireless
transceiver which facilitates receipt of data at device 100A from an external transmission
source and transmission of data from device 100A to an external recipient. One example
of an external transmission source/external recipient may be a base station to which device
100A returns for charging, maintenance, docking, etc. By way of example, and not of
Hmitation, in various embodiments, transceiver 113 comprises one or more of: a cellular
transceiver, a wireless local area network transceiver {(e.g., a transceiver compliant with
one or more [nstitute of Electrical and Electronics Engineers (IEEE) 802 11 specifications
for wireless local area network communication), a wireless personal area network
transceiver {£.g., a transceiver compliant with one or more [EEE 80215 specifications {or
the like) for wireless personal area network cornrunication), and a wired a serial

transceiver {e.g., a universal serial bus for wired communication).

00417 Ultrasonic sensor 150 is typically a transducer but may include a dedicated
ultrasonic transmitter and a separate dedicated ultrasonic receiver. In some embodiments,
ultrasonic sensor 150 operates in the ultrasonic frequency range between 40kHz and
200kHz. Of course, other ultrasonic ranges are anticipated and usable. Ultrasonic sensor
150 15 configured to transmit ultrasonic signals and receive ultrasonic returped signals.
Returned signals include those that reflect from moving or stationary objects within the
range (referred to herein as the vicinity) of the ultrasornuce sensor 150 and thus within the

vicinity of a device 100A which includes the ultrasonic sensor 150, It should be

13
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appreciated that embodiments may similarly include a sonic transducer which operates in

the acoustic sound range, the infrasound, and or the ultrasound range.

(00427 Motion sensor(s) 160, when included, may be implemented as MEMS-based
motion sensors, including inertial sensors such as a gyroscope 161 or accelerometer 163,
or an electromagnetic sensor such as a Hall effect or Lorentz field magnetometer 165, In
some embodiments, at least a portion of the motion sensors 160 may also, for example, be
based on sensor technology other than MEMS technology {e.g., CMOS technology, etc.}.
As desired, one or more of the motion sensors 160 may be configured to provide raw data

output measured along three orthogonal axes or any equivalent structure.

00437 Attention is directed to Figure 1B which shows a block diagram of components of
an example device 100B which utilizes ultrasonic sensing to detect objects in 15 vicinity.
Device 100B is similar to device 100A except that it includes a sensor processing unit
(SPU) 120 in which ultrasonic sensor 150 1s disposed. SPU 120, when included,
comprises: a sensor processor 130; an internal memory 140; and at least one ultrasonic
sensor 150, In some embodiments, SPU 120 may additionally include one or more motion
sensors 160 {e. g, gyroscope 161, accelerometer 163, magoetometer 165) and/or one or
more other sensors such a light sensor, infrared sensor, GNSS sensor, microphone, etc. In
various embodiments, SPU 120 or a portion thereof, such as sensor processor 130, 1
communicatively coupled with host processor 110, host memory 111, and other
components of device 100B through communications interface 105 or other well-known
means. SPU 120 may also comprise one of more communications interfaces (not shown)
similar to communications interface 105 and used for communications among one or more

components within SPU 120.

{00447 Sensor processor 130 can be one or more microprocessors, CPUs, DSPs, general
purpose microprocessors, ASICs, ASIPs, FPGAs or other processors that run software
programs, which may be stored in memory such as internal mermory 140 (or elsewhere},
associated with the functions of SPU 120. In some embodiments, one or more of the
functions described as being performed by sensor processor 130 may be shared with or
performed in whole or in part by another processor of a device 100B, such as host

processor 110
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[0045] Internal memory 140 can be any suitable type of memory, including but not limited
to electronic memory {e.g., read only memory (ROM), random access memory (RAM), or
other electronic memory). Internal memory 140 may store algorithms, routines, or other
mstructions for instructing sensor processor 130 on the processing of data output by one or
more of the motion sensors 160 and/or one or more ultrasonic sensors 150, In some
embodiments, internal memory 140 may store one or more modules which may be
algorithms that execute on sensor processor 130 to perform a specific function. Some
examples of modules may include, but are not limited to: statistical processing modules,
motion processing modules, filtering modules, state detection modules, and/or decision-

malking modules.

[0046] Ultrasonic sensor 150 is typically a transducer but may include a dedicated
ultrasonic transmitter and a separate dedicated ultrasonic receiver. In some embodiments,
ultrasonic sensor 150 operates in the ultrasonic frequency range between 40kHz and
200kHz. Of course, other ultrasonic ranges are anticipated and usable. Ultrasonic sensor
150, in an ultrasonic transducer embodiment, 1s configured to transmit ultrasonic signals
and receive ultrasonic returned signals. Returned signals include those that reflect from
moving or stationary objects within the range (referred to herein as the vicinity) of the
ultrasonic sensor 150 and thus within the vicinity of a device 100B which includes the
ultrasonic sensor 150, It should be appreciated that embodiments may similarly include a
sonic transducer which operates in the acoustic sound range, the infrasound, and or the

ultrasound range.

(00477 In some embodiments, ultrasonic sensor 150 is an ultrasonic transducer, such as a
PMUT (piezoelectric micromachined ultrasonic transducer). Au ultrasonic sensor 150
may be large or small, depending on the application and the space available. In some
embodiments, ultrasonic sensor 150 may be a MEMS device and may be very small, such
as having a facing surface of less than 4mm by 4mm by 1.5mm. In some embodiments,
ultrasonic sensor 150 may be a SOC (system on a chip) which meludes a DSP. In some
embodiments, the SOC packaging of ultrasonic sensor 150 comprises sensor processing

unit 120 and includes sensor processor 130 and internal memory 140,

00481 Motion sensor(s) 100, when included, may be implemented as MEMS-based
motion sensors, including tnertial sensors such as a gyroscope 161 or accelerometer 163,

or an electromagnetic sensor such as a Hall effect or Lorentz field magnetometer 165, In

Ju—
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some embodiments, at least a portion of the motion sensors 160 may also, for example, be
based on sensor technology other than MEMS technology (e.g, CMOS technology, etc ).
As desired, one or more of the motion sensors 160 may be configured to provide raw data

output measured along three orthogonal axes or any equivalent structure.
Example of Device(s) Using Ultrasonic Sensing

00497 Figure 2A shows an operating environment 200A with a first device 100 {e.g., a
device such as 100A or 100B) 1u the form of computer 100-1. The environment 200A
includes a first table 201 upon which computer 100-1 is disposed, a second table 202, and
a human 205 walking on a path 206 toward computer 100-1. Computer 100-1 15
employing an ultrasonic sensor 150-1 to detect, using ulirasonic sensing, for the presence

of potential users such as the human user 205 depicted walking toward computer 100-1.

[0050] Figure 2B shows an operating environment 200B with a device 100 (e.g., a device
such as 100A or 100B) 1u the form of coroputer 100-1 and a second device 100 {e.g., a
device such as 100A or 100B) in the form of computer 100-2. The environment 200B
includes a first table 201 upon which computer 100-1 1s disposed and a second table 202
upon which computer 100-2 is disposed. Computer 100-1 is employing an ultrasonic
sensor 150-1 to detect, using ultrasonic sensing, for the presence of potential users walking
toward computer 100-1. Similarly, computer 100-2 s also employing an ultrasonic sensor
150-2 to detect, using ultrasonic sensing, for the presence of potential users walking
toward computer 100-2. In this environment, ultrasonic sensor 150-1 is receiving

ultrasonic signals transmitted by ultrasonic sensor 150-2.

[00517 Figure 2C shows an operating environment 200C with a device (e g, a device such
as 100A or 100B) in the form of coraputer 100-1 and a second device 100 (e.g,, a device
such as 100A or 100B) in the form of computer 100-2. The environment 200B includes a
first table 201 upon which computer 100-1 s disposed, a second table 202 upon which
computer 100-2 1s disposed, and a human 205 walking on a path 206 toward computer
100-1. Computer 100-1 1s emploving an ultrasonic sensor 150-1 to detect, using ultrasonic
sensing, for the presence of potential users such as the buman user 205 depicted walking
toward computer 100-1, in accordance with various embodiments. Computer 100-1 is
employing an ultrasonic sensor 150-1 to detect, using ulirasounic sensing, for the presence

of potential users (such as human user 205} walking toward computer 100-1. Similarly,
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computer 100-2 is also employing an ultrasonic sensor 150-2 to detect, using ulirasonie
sensing, for the presence of potential users walking toward computer 100-2. In this
environment, ultrasonic sensor 150-1 is receiving ultrasonic signals transmitted by

ultrasonic sensor §30-2.

[00527 Figure 3 illustrates an example transmit/receive timing diagram 301 for an
ultrasonic sensor 150-1 of device 100-1 along with several corresponding measurersent
diagrams {310, 320, 330, 340, and 350) of ultrasonic signals received during an approach
of a human such as in Figure 2A, 10 accordance with conventional sensing techniques.
Five sensing cycles 300 (300-1, 300-2, 300-3, 300-4, and 300-5) at a fixed rate are

lustrated. The sensing is performed in environment 200A of Figure 2A

100537 Each sensing cycle includes a transmit period TX during which an ultrasonic pulse
{represented by a corresponding upward directed arrow) is transmitted, a receive period
RX during which the ultrasonic transducer receives ultrasonic signals, and a wait period
WT when the ultrasonic sensor is doing nothing but waiting to start the next sensing cycle.
At a fixed rate, the sensing cycles are typically at a fixed and repeated length which may
vary slightly based oo a drift in tiroiog but 1s otherwise uniform. Within a sensing cycle,
the receive period (RX} and the wait period (W'T) together form a fixed length listening
window. Sensing cycle 300-1 comprises transmit period TX1-1, receive period RX1-1,
and wait period WT1-1. Seusing cycle 300-2 comprises transmit period TX2-1, receive
period RX2-1, and wait period WT2-1. Sensing cycle 300-3 comprises transimit period
TX3-1, receive period RX3-1, and watt pertod WT3-1. Sensing cycle 300-4 comprises
transniit period TX4-1, receive period RX4-1, and wait period WT4-1. Sensing cycle 300-

5 comprises transmit period TXS-1, receive period RXS-1, and wait period WT5S-1.

100541 With reference to Figure 3 and to Figure ZA, as human 205 walks closer to
computer 100-1 movement is detected by the received ultrasonic signals depicted in
diagrams 310, 320, 330, 340, and 350, Each of these measurement diagrams depicts
samples over fime on its X-axis and amplitude on its v-axis. As human 205 nears
computer 100-1, sensed peaks 311, 321, 331, 341, and 351 appear sooner in the samples

and gradually increase in amplitude.

[0055] Figure 4 ilustrates an example transmit/receive timiog diagram 301 for an

ultrasonic sensor 150-1 of device 100-1 along with several corresponding measurement
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diagrams {410, 420, 430, 440, and 450} of ultrasonic signals received due to receipt of
ultrasonic transmissions of sensor 150-2 (as depicted in Figure 2B). Each of these
measurement diagrams (410, 420, 430, 440, and 450} depicts samples over time on its x-
axis and amplitude on its y-axis. The same five sensing eyeles (300-1, 300-2, 300-3, 300-
4, and 300-5) from Figure 3, at a fixed rate, are iHustrated. The difference between Figure

3 and Figure 4 is that Figure 4 depicts sensing in environment 2008 of Figure 2B.

[0056] A uming diagram 401 for the transmissions from ultrasonic sensor 150-2 is
provided. The sensing cycles in timing diagram 401 are not labeled, however they are
fixed tn length and similar in frequency to the cycles 300-1, 300-2, 300-3, 300-4, and 300-
S of ultrasonic sensor 150-1. A problem which conventionally frustrates coexistence is
that they are drifting slightly earlier in time, as shown by the slight leftward duift of the TX

arrows in timing diagram 401 relative to the transmit periods of timing diagram 301,

(00571 With reference to Figure 4 and to Figure 2B as the transmitted ultrasonic signals
(TX1-2, TX2-2, TX3-2, TX4-2, and TX5-2) from sensor 150-2 dnift earlier in time (as
depicted by the leftward shift} relative to the sensing cycles (300-1, 300-2, 300-3, 300-4,
and 300-3) and receive periods (RX1-1, RX2-1, RX3-1, RX4-1, and Rx5-1) of ultrasonic
sensor 150-1, their receipt results in a series of amplitude peaks (411, 421, 431, 441, and
451} which are similar in amplitude to one another but occur progressively earlier in the
sequential sensing cycles (300-1, 300-2, 300-3, 300-4, and 300-5) for ultrasonic sensor
150-1. It should be noted that because peaks 411, 421, 431, 441, and 451 follow a similar
pattern of precession to that of peaks 311, 321, 331, 341, and 351 that are illustrated in
Figure 3, they can trigger a false detection of @ moving/approaching object. Thisisa
problem conventional sensing techniques face when multiple ultrasonic sensors operate in
a shared operating environment and interfere with each other to cause false sensing of
moving objects that are not present and/or interfere with the sensing of stationary or

moving objects that are present.

[0058] Figure 5 illustrates an example flowchart 500 for operating an ultrasonic sensor to
avoid contention with and facilitate coexistence with other ultrasonic sensors, in
accordance with various embodiments. By avoiding contention and interference through
use of the described technique, multiple ultrasonic sensors can coexist within a shared
sensing environment {e.g., 2004, 2008, 200C, etc.) by reducing or eliminating cases of

interference, especially those that result in false positive cases of sensing a moving object.
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(00597 At 510 of flowchart 500, sensing is switched from a fixed rate with fixed sensing
cyeles to a blind time-hopping sensing where the overall length of sensing cycles (and
particularly the length of a listening window within a sensing cycle) is randomized (i.e.,
time-hopped n a blind, unscheduled fashion) from sensing cycle to sensing cycle. The
randorization occurs within a defined range using available techniques for randomizing in
defined units {e.g., Tms units over a 20ms range} and, over time, results in the same
number or substantially the same number of sensing cycles as sensing with a fixed rate.
By substantially, what is meant is that over a long enough period such as 10 to 30 seconds,
the difference of the number of sensing cycles between fixed and randomized sensing
cycles may be only a few percent or even less than a single percent; a difference which s,
essentially, neghigible. In other embodiments, blind-time hopping may already be enabled

or be enabled at all times, 1n which case procedure 510 may be superfluous.

00607 At 520 of flowchart SO0, measurements received using the randomized sensing
cycles are filtered or otherwise cleaned to remove noise and to prepare the measurements
for object detection algorithms. This results 1u filtered roeasurements. A variety of filters
may be used, some examples of which inchude but are not limited to: a low pass filter, a
median filter, and/or a random sample consensus filter. When using a median filter, for
exampie, an odd number of samples isused such as 3, 5, 7, 11, etc., and the number of
samples is shorter than the number of samples acquired during a receive period of a

randomized sensing cycle,

00611 At 5330 of flowchart 500, detection for moving objects occurs. The detection may
be accomplished using a detection algorithm, many of which are known in the art, which
is repurposed to process filtered sarples acquired by the randomized/blind time-hopping
sampling rather than by fixed sampling. A difference is that measurements acquired by
the randomized sensing cycles inherently remove some sensed peaks and patterns that
would appear in measurements from fixed sensing cycles and which might trigger the false
detection of an object. In particular, precessing patterns associated with receipt of drifiing
ultrasonic fransmissions of another ultrasonic sensor are disrupted by the randomized

sensing cycles.

[00627 At 540 of flowchart 500, the method outputs information about detected moving
objects. This woforroation about detected moving objects may be output with information

regarding static targets {e.g., non-moving objects such as walls, tables, chairs) that are

2
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static in the vicinity of an ultrasonic sensor 150 removed or filtered cut. In some
embodiments, this information about detected moving objects may be provided as an input
to a state machine which can analyze detected moving objects to determine a mode in

which a device 100 (e.g., device 100-1) should be operating.

D2

00637 Figure 6 illustrates states of an example state machine 600 for determuning an
operating mode for a device 100 {e.g., 100-1, 100-2, etc ). State machine 600 has four
states based upon detection {or not) of a potential human user by an ultrasonic sensor {e.g.,
ultrasonic sensor 150-1), 1o accordance with various embodiments. The four states
include an “initial” state (state 3}, “no user” detected (state 0}, “user around” {state 1}, and
“user present” {state 2}). State 0 1s associated with startup or initialization. State 1 1
associated with a user being around or in the vicinity of a device 100 {e.g., 1-5 meters
away, in one embodiment). State 2 1s associated with a user being present at a device 100
{e.g., within 1 meter of the device, 10 one embodiment). State 3 1s associated with a user
not being either present or around device 100 (e.g., not detected within 5 meters, in one
embodiment). It should be appreciated that the four states that are shown are by way of
example and not of limitation, for example three states could be implemented with states 1
and 2 combined or with state 0 used for an initial state. In other embodiments, additional
states may be added, for example to provide further differentiation with regard to how

close a user is, how fast a user 1s approaching, etc.

00641 Upon being informed of these states by state machine 600 a device 100 can
respond by 1nitiating an appropriate mode of operation. For example, in some
embodiments, in state 3 device 100 enters or remains in a sleep or low power mode in
state; 1 state 1 a device initiates or remains in semi-powered-up mode with a screen saver
operating; and in state 2 a device initiates or remains in a fully powered mode with a log-
in screen presented, a home screen presented, ete. In other embodiments, other modes of
operation of device 100 may be assigned to one or more of the states identified by state

machine 660

(00657 Transitions (t) from state {I} to state {J) are labeled are depicted with directional
arrows aud labeled t1]. For example, a transition from state O to state 1 s depicted with an
arrow pointing from state O to state 1 and labeled t01. In a like fashion transition from:
state 1 to state 0 1s labeled t10; transition from state 1 to state 2 1s labeled t12; transition

from state 2 to state 1 is labeled {21, transition from state 0 to state 2 is labeled t02; and

.\
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transition from state 2 to state 0 is labeled 120, Transition from the “initial” state (3} to

any of the operational states 0, 1, or 2 1s tllustrated only by a directional arrow.

[0066] Transitions between states are based on conditions computed from the energy in
close range (either leaving or approaching) in measured samples. For example, the
amplitude variances over a plurality of samples, such as the last six frames {e.g., last 6
sensing cycles), may be summed and corpared to a threshold which indicates a transfer
from one state to ancther state should take place. Other conditions which may additionally
or alternatively be used to determine transitions between states include a number of mobile
targets detected, the range to the closest mobile target (which may be referred to as the
range index), variance of the amplitude over time {e.g, increasing, declining, not
changing). When a condition of the various conditions is met for a transfer between states
during a sensing cycle, a transition counter 18 incremented. A transition takes place when
the transition counter exceeds a pre-established threshold. The counter ensures that a
transition between states is only triggered if/when the conditions hold for several sensing

frames.

00671 Transition from the “initial” state 3 to any of the operational states 0, 1, or 2 may
occur to any of states 0, 1, or 2 based on energy detected and/or moving objects detected
satisfying a criterion for a particular state. Alternatively, in some embodiments, the
transition from the “initial” state 3 to one of states 1, 2, or 3 may be random upon startup
of state machine 600 or to a certain preselected state as a default atter startup of state

machine 600,

00681 To 1utiate a transition from “no user” state 0 to “user present” state 2 (i.e, 102) the
state machine 600 monitors close range energy in ultrasonic measurements. When close
range encrgy 18 greater thav a preset energy threshold for a preset number of measurement

frames (e.g., 8 frames, 10 frames, 12 frames} then state transition t02 is triggered.

00691 To initiate a transition from “user present” state 2 to “no user” state O (transition
20 or to “user around” (transition t21) state machine 600 monitors close range energy in
ultrasonic measurements. When close range energy is less than a preset energy threshold
or 1s no energy for a preset number of measurement frames {e.g., & frames, 10 trames, 12
frames, etc.) then a state change transition is triggered. State change is transition {21

occurs when one or more mobile targets are detected in a distance associated with the
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“user around” state, otherwise state transition 120 is triggered because state machine 600
has determined there is “no user” etther present {close to device 100} or around (farther

away than “present” but still in the vicinity of device 100).

[00707 To initiate a transition from “user around” state 1 to “no user” state O {fransition
t10) state machine 600 monitors close range energy in ultrasonic measurements. When
close range energy 15 less than a preset energy threshold for a preset number of
measurement frames {e.g., 8 frames, 10 frames, 12 frames, etc.} or no mobile target is
detected for a certain number of measurement frames {e.g., 3 frames, 4 frames, 5 frames,
etc.), then state transition t10 is triggered. As can be seen, in some embodiments the
threshold number of frames for no moving objects detected is lower than the threshold
number of frames for low energy detected. In some embodiments, a combination of no
moving objects and energy below a threshold for a certain number of measurement frames

may trigger transition t10.

00717 To initiate a transition from “user around” state 1 to “user present” state 2
{transition t12} state machine 600 monitors close range energy in ultrasonic
measurements. When close range energy 1s greater than a preset energy threshold fora
preset threshold number of measurement frames {e.g, 8 frames, 10 frames, 12 frames,

etc.), then state transition t12 1s triggered.

(0072} Figure 7 dlustrates portions of a single fixed rate sensing cycle 300 of an ultrasonic
sensor 150 {(e.g., a transducer which both transmits and recetves), in accordance with
various embodiments. This may be any of the sensing cycles 300 depicted in Figure 3 or
Figure 4. Seusing cycle 300 represents one cycle of ulirasonic sensing by an ultrasonic
sensor 150 which has a fixed length 702 in time that ts dictated by the fixed sensing cycle
rate of ultrasonic sensor 150, For example, the cycle rate of sensing cycles may be 10H=
or 100ms and the ultrasonic sensor may transmit at 80kHz. The sample includes a fixed
fength transmit time period 704 such as 0.375rms a fixed listening window 706, The
fistening window 706 1s the time when no transmitting s taking place and comprises a
fixed recetve pertod 708 for receiving ultrasonic signals and a fixed waiting period 710
that follows it before the start of the vext sensing cycle. In av embodiment where the
fixed receive period 708 15 18ms, the waiting period 710 is approximately 81.625ms {e.g.,
the remainder of the sensing cycle not used by the transmit period or the receive period).

This 1s §1ms full milliseconds.



WO 2023/249869 PCT/US2023/025374

{0073} Emboduments described herein modify the overali length of a fixed sample by
randomly adding or subtracting delay (d) from the existing tixed waiting period 710 which
is part of the listening window 700. Dashed line 730 shows the maximum range that the
fixed length 702 of sensing cycle 300 can be randomly adjusted upward/longer by adding
delay (shown as +d) to the fixed length of the fixed waiting period 710; while dashed line
720 shows the maximum range that the fixed length 702 of sensing cycle 300 can be
adjusted downward/shorter by subtracting delay (shown as -d) from the fixed waiting
period 710. A randomized waiting period of a listening window has a maximum and
minimum length. The maximum length is generally at or approximately double the length
of the fixed waiting period 710 as shown in Figure BA, while the minimum length may be

zero, or no waiting period, as shown in Figure 8B,

(00747 Although Figures §A and 8B show maximum and mirumum cases for delay
randomization, it should be appreciated that the value of d can be set anywhere at or below
the maximum, but that certain small values below 3ms may not provide enough time for
sufficient randomization. To the dusirated examples, the value of “d” 1s an integer value
in milliseconds that is not greater than the number of milliseconds of fixed wait period 710
but may be shorter. Amount of delay {d) to add or subtract is randomly selected using
known means of randomization, from within the range of +/-d for each randomized
sensing cycle 800 (see Figures 8A and 8B). For example, the value of d may be +/-3ms in

one embodiment or +/-23ms in another embodiment.

{00751 Attention is directed to Figure 8A which illustrates portions of and a maxamum
length of a randomized sensing cycle 800A of an ultrasonic sensor 150 {e.g., a transducer
which both transrotts and receives), in accordance with various erobodiments. Sensing
cycle S800A represents one cycle of ultrasonic sensing by an ultrasonic sensor 150 which
has its length randomly adjusted from a fixed length 702 (see Figure 7) of time associated
with a fixed rate of sensing cycles. As depicted sensing cycle 800A instead has a
randonized overall length 802ZA which is randomized around that fixed length 702 by
adding a maximun amount of delay (+d}. For example, the fixed rate may be 10Hz or
100ms and the ultrasonic sensor may transmit at 80kHz. The sample includes a fixed
transroit time period 704 such as 0.375ms and a randomized listening window 806A. The

randomized listening window B06A comprises a fixed receive period 708 for receiving
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ultrasonic signals and randomized watting period 810A that follows it prior to the start of

the next sensing cycle.

[0076] Attention is directed to Figure 8B which illustrates portions of and a minimum
fength of a randomized sensing cycle B00B of an ultrasonic sensor 150 {e.g., a transducer
which both transmits and receives), in accordance with various embodiments. Sensing
cycle 800B represents one cycle of ultrasonic sensing by an ulirasonic sensor 150 which
has its length randomly adjusted from a fixed length 702 (see Figure 7) of time associated
with a fixed sample of a fixed sensing cycle rate. As depicted sensing cycle BOOB instead
has a randomized overall length 802B which is randomized around that fixed length 702
by subtracting a maximurm amount of delay (-d). By setting -d at the at the full tme length
of watt period, the randomized wait period becomes zero, or no wait period — which is
why no wait period is depicted. In this exarple, the fixed length receive period 708

effectively becomes the entive histening window 306B.

{00771 In an embodiment where the fixed receive period 708 15 18ms, the fixed transmut
period is ©.375ms, and the overall sample period is 100ms, subtraction shows the fixed
wait period 710 to by ~81ms and thus the max/min range for a randomized wait period
810 is approximately +/- 81ms relative to the fixed watting period 710, In some
embodiments, the randomization may be in discrete increments such as ms, meaning in
this example it can randomly be varted in Ims increments between betng Oms {minimum)
to 162ms {(maximur). The maximum range does not have to be utilized for
randomization, 1nstead a shorter +/- range such as +/- 19ms of fixed wait period 710 may
be used as the range for randomizing a wait period 810. It has been empirically
determined that the shortest range for randomization which provides a good probability of
prevention of overlap of echo peaks between ultrasonic sensors is about +/- 3ms of the
fixed wait period. Smaller ranges may be used, but probability of contention via overlap
of echo peaks increases, potentially 1o an unacceptable level, as ranges decrease further,
Likewise, when smaller ranges than +/- 3ms are used the ability to disrupt patterns of

precession from drifting ultrasonic signals is diminished.

00781 In other emnbodiments the maximum range of the randomized listening window
may be different depending on the fixed sensing cycle rate around which it is based. For
example, consider av ultrasonic seusor 150 with a fixed cycle rate of SOms with the same

fixed receive periad of 18ms and the same fixed transmit period of 0.375ms described
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above. By subtraction of the fixed transmit period and the fixed receive period from the
length of the fixed cycle, the fixed wait period would be ~3lms. In this example a
randomized wait period could be randomized in increments {such as Ims} +/- 31ms from
the fixed length wait period (1.¢., the randomized wait period could range in randomized
merements from Oms to 62ms). Because the randomization in increments {e.g., Ims
mncrements) is balanced within the same range above and below the fixed wait period {e.g,,
a range of +/- 3ms, +/- 27ms, +/~ 31ms, etc.), over fime the randomized sensing cycle rate

will average out to the same number of sensing cycles per second as the fixed sensing

cycle rate.

100797 In another example, consider an ultrasonic sensor 150 with a fixed sensing cycle
rate of 100ms with a fixed receive period of 48ms and a fixed transmit period of 0.8ms
described above. By subtraction of the fixed transmit period and the fixed receive period
from the sensing cycle rate, the tixed wait period would be ~51ms. In this example a
randomized wait pericd could be randomized in increments {such as Ims} +/- 51ms from
the fixed length wait period (i.e., the randomized wait period could range in randorized
increments from Oms to 102ms). Because the randomization is balanced with the same
range above and below the fixed wait period (e.g., +/- 3ms, +/- 27ms, +/- S1ms), over time
the randomized sensing cycle rate will average out to the same as the fixed sensing cycle

rate.

00807 It should be appreciated that in some embodiments there may be other fixed
periods in a sensing cycle, such a3 a sleep period between the transmit and recetve period.
inclusion of cther fixed periods may reduce the overall range available for randomizing

the wait period of the histening window.

[0081] Figure 9 illustrates an example transmit/receive timiog diagram 901 for an
ultrasonic sensor 150-1 of a device 100-1 along with several corresponding measurement
diagrams (910, 920, 930, 940, and 950} of ultrasonic signals received during an approach
of a human such as in Figure 2A, in accordance with various embodiments. Five
randonized sensing cycles 800 (800-1, 800-2, 800-3, 800-4, and 800-5) which are
randomized around a fixed sensing cycle rate are ilustrated. In the tlustrated exaruple,

the ultrasonic measurements are acquired in environment 200A of Figure 2A.
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[0082] Each sensing cycle 800 includes a fixed transmit period TX during which an
ultrasonic pulse {represented by a corresponding upward directed arrow) is transmitted, a
fixed receive period RX during which the ultrasonic transducer receives ultrasonic signals,
and a randomized wait period WT when the ultrasonic sensor s doing nothing but waiting
to start the next sensing cycle. Within a seusing cycle, the receive period RX and the
randomized wait period WT together form a random length listening window in the
manner described in conjunciion with Figures 8A and 8B, Sensing cycle 800-1 comprises
transmit period TX1-3, receive period RX1-3 and randomized wait period WT1-3.
Sensing cycle 800-2 comprises transmit period TX2-3, receive pertod RX2-3, and
randomized wait period WT2-3. Sessing cycle 800-3 comprises transmit period TX3-3,
recetve perntod RX3-3, and randomized wait period WT3-3. Sensing cycle 800-4
comprises transmit period TX4-3, receive period RX4-3, and randomized wait period
WT4-3. Sensing cycle 800-5 comprises transmit period TX5-3, receive period RX5-3, and
randorized wait period WTS-3. Waiting periods WT1-1, WT1-2, WT1-3, WT1-4, and
WT1-5 are all randomized arcund a fixed waiting period {e.g., WTI-1 of Figure 3} by
randomly adding or subtracting delay within a range of +/-d, as has been previously
described tn conjunction with Figure 7, Figure BA, and Figure 88. Thus, the depicted
sensing cycles 800-1, 800-2, 800-3, 800-4, and 800-5 all have different time lengths from

one another,

[0083] With reference to Figure 9 along with reference to Figure 8 and Figure 2A, as
human 205 walks closer to computer 100-1 movement is detected by the received
ultrasonic signals depicted in measurement diagrams 910, 920, 930, 940, and 950. Each of
these measurement diagrams depicts samples over time on its x-axis and amplitude on its
y-axis. As human 205 nears computer 100-1, sensed peaks 911, 921, 931, 941, and 951
appear soonet in the samples and gradually increase in amplitude. The measurements
depicted in the measurement diagrams of Figure 8 are similar in amplitude and separation
to those of the measurement diagrams depicted in Figure 3. This is because the
measurements are of a moving human 205 who is actually present and thus generates

returned signals ju each sensing cycle 800.

00847 Figure 10 illustrates an example transmit/receive timing diagram 901 for an
ultrasonic sensor 150-1 of a device 100-1 along with several corresponding measurement

diagrams (910, 920, 930, 940, and 950} of ultrasonic sigunals due to receipt of ultrasonic
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transmissions of a second ultrasonic sensor 150-2 (as depicted in Figure 2B}, o
accordance with various embodiments. Five randomized sensing cycles 800 {800-1, 800-
2, 800-3, 800-4, and 800-5) which are randomized around a fixed sensing cycle rate are
Hlustrated. In the illustrated example, the ulirasonic measurements are acquired in

environment 2008 of Figure 2B,

00851 Each of these measurement diagrams (1010, 1020, 1030, 1040, and 1050) depicts
samples gver time on its x-axis and amplitude on its v-axis. The same five sensing cycles
800 (800-1, B00-2, 800-3, 800-4, and 800-5) from Figure 9 are tlustrated. The difference
between Figure 9 and Figure 10 is that Figure 10 depicts ultrasonic sensing and

measurements acquired in environment 2008 of Figure 2B,

[0086] A timing diagram 401 for the transmissions from ultrasonic sensor 150-2 1
provided. The sensing cycles in timing diagram 401 are not labeled, however they are
fixed in length as was previously described in Figure 4. Because of randonuzation of
sensing cycles 800 (800-1, 800-2, 800-3, 8004, and 800-5) relative to a fixed sensing
cycle rate of ultrasonic sensor 150-1, the precessing illustrated in Figure 4 no longer exists
in the peaks (1011, 1021, 1041, and 1051) of measurement diagrams 1010, 1020, 1030,
1040, and 1650, Instead, the peaks occur at random locations in the sequential
measurement diagrams, and in in one measurement diagram {1030) a peak due does not
appear at all because ultrasonic transmission TX3-2 arrives during a waiting period (WT2-

3y and 18 not “received” by ultrasonic sensor 150-1.

00871 In this manner, the precessing problem of conventional fixed rate sensing cycles,
Hlustrated in Figure 4, is eliminated or drastically reduced and thus the corresponding false

detection of moving objects is also eliminated or drastically reduced.

(0088} Figure 11 illustrates an example transmit/receive timing diagram 901 for an
ultrasonic sensor 150-1 of a device 100-1 and several corresponding measurement
diagrams (1110, 1120, 1130, 1140, and 1150) showing ultrasonic signals received by the
first ultrasonic sensor during an approach of a human along with ultrasonic signals
received due to receipt of ultrasonic transmissions of a second ultrasonic sensor 150-2 {as
depicted in Figure 2C), in accordance with various embodiments. Five randomized

sensing cycles 800 (800-1, 800-2, 800-3, B00-4, and 800-5) which are randomized around

b2
~J
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a fixed sensing cycle rate are illusirated. In the illustrated example, the ultrasonic

measurements are acquired 1 environment 200C of Figure 2C.

[0089] Figure 11 combines the measurements of Figures 9 and 10, and shows the
associated amplitude peaks 911, 1011, 921, 1021, 931, 941, 1041, 951, and 1051 from
both of these figures. The positioning of the peaks shows how randomization of sensing
cycles BOO generally prevents overlapping of peaks due to approaching human 205 and
due to receipt of transmissions from ultrasonic sensor 150-2. While overlapping may
occur, because of the randomization, it 1s unlikely to occur in sequential frames. This not
only reduces false sensing of moving objects, but it also reduces large energy spikes that
would falsely indicate a very large moving obiect or exaggerate the actual amplitude of a

sensed moving object.
Example Methods of Operation

{00907 Figure 12 illustrates a flow diagram 1200 of an example method of operating an
ultrasonic transducer to facilitate coexistence with other ultrasonic transducers in the
operating environment of the ultrasonic transducer, 1o accordance with various aspects of
the present disclosure. Procedures of these example methods will be described with
reference to elements and/or components of one or more of Figures 1A - 11 Htis
appreciated that in some embodiments, the procedures may be performed in a different
order than described, that some of the described procedures may not be performed, and/or
that one or more additional procedures to those described may be performed. Flow
diagram 1200 includes some procedures that, in various embodiments, are or may be
carried out by one ot more processors {e.g., host processor 110, sensor processor 130, or
the like) under the control of computer-readable and computer-executable instructions that
are stored on non~transitory cornputer-readable storage media {e.g, host memory 111,
internal memory 140, or the like). It is further appreciated that one or more procedures
described in flow diagram 1200 and/or may be implemented in hardware, or a

combination of hardware with firmware and/or software.

00917 With reference to Figure 12, at procedure 1210 of flow diagram 1200, in various
embodiments, an ultrasonic sensor 150 {e.g., 150-1 of Figures 2A, 2B, and 2C) repeatedly
emits ultrasonic pulses during transmit periods which are interspersed with listening

windows. In the described example, the ultrasonic sensor 150 is a transducer which both



WO 2023/249869 PCT/US2023/025374

transmits and receives. Each sequential pair of the transmit periods is separated by a
single listening window of the listening windows. During a portion of a listening window,
of the listening windows, the ultrasonic sensor 150 is configured to receive returned
signals corresponding to an emitted ultrasonic pulse of the ultrasonic pulses which was
transruitted during a transmit period of the transmit periods that immediately preceded the
listening window. In some embodiments, a processor such as host processor 110 or sensor
processor 130 controls the ultrasonic transducer to perform the enutting and receiving to
sense objects in the vicinity of the ultrasonic sensor. In some embodiments, the ultrasonic
transducer has a frequency of operation of between 40kHz and 200kHz, although other

broader and narrower ranges are anticipated.

(00921 With continued reference to Figure 12, at procedure 1220 of flow diagram 1200, in
various emabodiments, an overall length of each listening window of the listening windows
is randomized. The randomization may be carried out or directed by a processor such as
host processor 110 or sensor processor 130, in some embodiments. As described in
conjunction with Figures 7, BA, 8B, and 9, in some embodiments, the randomizing of each
listening window 806 {e.g., 806A, 8068 and/or a randomized pericd between these
maximum and minimum listening window lengths) of the listening windows 1s conducted
in a manner such that a fixed sensing cycle rate in samples per second, of the ultrasonic
sensor 150, 1s unchanged over time {e.g., over several seconds or tens of seconds
depending on conditions). This means the randomization occurs such that, on average
over a sufficient length of time, the same number of samples per second occur with or

without the randomization of each listening window.

00937 In various embodiments, a listening window {(e.g., 800) of the listening windows
comprises the fixed portion {e.g., receive period 708) and a second portion {e.g., wait
period 810) and wherein the randomizing, by the processor, an overall length of each
fistening window of the listening windows comprises. adjusting the second portion plus or
minus by a random delay period {e.g., in discrete increments within a defined range of +/-
d}, wherein a minimum adjusted time length and a maximum adjusted time length of the
second portion are defined by a sensing cycle rate of the ultrasonic transducer. That is, as
a function of the sensing cycle rate, there are fixed portious of a sensing cycle which
cannot be omitted and there 1s a fixed amount of waiting time in a sensing cycle that is

available for randomizing up/down in the manner described herein. More particularly,
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gach listening window {¢.g., 800) of the listening windows in a plurality of sensing cvcles
comprises the fixed portion {e.g., receive period 708) and a second portion {e.g., wait
period 810) which is adjusted plus or minus by a randon delay period “d", and wherein a
minimum adjusted time length and a maxinmum adjusted time length of the second portion
are defined by a sensing cycle rate of the ultrasonic transducer. That is, when d 1s set to be
equal to a wait period associated with a sensing cycle in a fixed sensing cycle rate, then
the maximum value of a waiting period with d added would be twice the delay period of
the fixed rate’s sensing cycle. Similarly, when d 1s set to be equal to a wait period
associated with a sensing cycle in a fixed rate, then the minimum value of a waiting period

with d subtracted would be no delay period.

[0094] In this fashion, the maximum range of the random delay period (e.g., +/-d} is plus
or minus a value of d found by subtracting both a time length of an emitted pulse of the
ultrasonic transducer and a second time length of the fixed portion of the listening window
from a period associated with one cycle at the fixed sensing cycle rate of the ultrasonic
transducer. By way of example, consider an ulirasonie sensor 150 with a fixed sensing
cycle rate of 100ms with a fixed receive period of 40ms and a fixed transmit period of
Ims. By subtraction of the fixed transmit peniod and the fixed receive period from the

sensing cycle rate, the fixed wait period, and thus the value of d, would be 5%9ms.

00951 With continued reference to Figure 12, at procedure 1230 of flow diagram 1200, in
vartous embodiments, the returned signals received during a plurality of the randomized
fistening windows are filtered returned signals. That is, the filiering effectively removes
noise and other signal peaks that are not associated with returned signals from pulses
ransmitted by the ultrasonic transducer, leaving only or predorninately filtered returned
signals. Any suitable filtering may be used, to include one or more of! low pass filtering;
median tiltering, and random sample consensus filtering. When median filtering 1s used,
an odd number of samples are used (i.¢., the median filter size is an odd number) and the
number of samples is shorter than the receive window of a sensing cycle. For example,
with reference to Figure 11, in some embodiments the filtering would remove peaks 1011,
1021, 1041 and 1051 and leave peaks 911, 921, 931, 941, and 951. In other embodiments,
all of these peaks would remain after filtering and a movement detector would discern that
peaks 911, 921, 931, 941, and 951 were associated with a moving object and discern that

peaks 1011, 1021, 1041 and 1051 and were not associated with a moving object. In some
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embodiments, a processor such as host processor 110 or sensor processor 130 carries out

or directs the filtering.

[0096] With continued reference to Figure 12, at procedure 1240 of flow diagram 1200,
in vartous embodiments, the filtered returned signals and additionally or alternatively any
other filtered signals are used to detect a moving object in a field of view of the ultrasonic
transducer. This is despite interference from one or more of the other ultrasonic
transducers transmitting that are ultrasonically transmitting in the operating environment.
In some embodiments, a processor such as host processor 110 or seusor processor 130
carrigs out or directs the detection for moving objects in the filtered returned signals
and/or any other filtered signals. In this manner, two or more ultrasonic sensors can
coexist within a common operating environment by minimizing or eliminating negative
irnpacts of ultrasonic noise/crosstalk that might otherwise cause false positive sensing of a

non-existent moving object or obscure the sensing of an actual moving object.

00971 For exarple, and with reference to Figure 11, consider an embodiment where the
filtering of procedure 520 (see Figure 5} leaves peaks 911, 921, 931, 941, and 951 but
removes peaks 1011, 1021, 1041 and 1051, The movement detection 530 (see Figure 5)
would determine that peaks 911, 921, 931, 941, and 951 represent a moving object in the
field of view of ultrasonic sensor 150 and that it s moving closer. In another
embodiments, where all of the peaks 911, 921, 931, 941, 951, 1011, 1021, 1041 and 10571
remain after the filtering, movement detection would discern that peaks 911, 921, 931,
941, and 951 were associated with a moviong object and discern that peaks 1011, 1021,

1041 and 1051 and were not associated with a moving object.

(00981 With continued reference to Figure 12, at procedure 1250 of flow diagram 1200, in
various erobodiments the method as described in 1210-1240 may further comprise, in
response to detection of the moving object, employment of a state machine such as state
machine 600 to determine an operating state of a device {e.g., device 100-1) with respect
to a user being either: absent from a vicinity of the device; within the vicinity of the
device, or present at a device. In some embodiments, a processor such as host processor

110 or sensor processor 130 controls or operates the state machine 600.

00997 For example, with reference to the detection of a moving of an object/human 208

in diagram 1140 from peaks 911, 921, 931, 941, and 951, state machine 600 would
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determine in the manner previously described whether this moving object triggered
transition to state 1 (user around) or to state 2 (user present). Based on the determined
state, a processor such as host processor 110 or sensor processor 130, can either direct
device 100-1 to take a predetermined action/switch to a certain operational mode or pass
the state determination on to device 100-1 so that other processors way determine an

action, mode, and/or response of device 100-1 with respect to the determined state.

Succinet Descriptions of Various Aspects

[0100] In some aspects, a device comprises an ultrasonic transducer and a processor that
is coupled with the ultrasonic transducer. The ultrasonic transducer is configured to
repeatedly emit ultrasonic pulses during transmit periods which are interspersed with
fistening windows, wherein each sequential pair of the transmit periods is separated by a
single listening window of the listening windows, and wherein during a fixed portion of a
listening window of the listening windows the ultrasonic transducer is configured to
recetve returned signals corresponding to an emitted ultrasounic pulse of the ulirasonic
pulses which was transmutted during a transmit period of the transmit periods that
immediately preceded the histening window. The processor is configured to randomize an
overall length of each listening window of the listening windows. The processor is also
configured to filter or divect filtering of returned sigoals received during a plurality of the
randomized listening windows to achieve filtered returned signals. The processor is
additionally configured to use the filtered returned signals o detect a moving object in a

field of view of the ultrasonic transducer.

[0101] In some aspects of the device, the device is an electronic door lock. In some
aspects of the device, the device is a computer system. In some aspects of the device, the
device is a robotic cleaning device. In some aspects of the device, the device uses

ultrasonic sensing to gain awareness of objects in its operating environment.

[01021 In some aspects of the device, the ultrasonic transducer has a frequency of

operation of between 40kHz and 200kHz.

{01031 In some aspects of the device, the ultrasonic transducer has a fixed sensing cycle
rate, in cycles per second, which is unchanged over time by the randomization of each

listening window of the listening windows, such that on average the same number of
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sensing cycles per second occur with or without the randomization of each listening

window.

[0104] In some aspects of the device, the listening window of the listerung windows
comprises the fixed portion and a second portion which ts adjusted plus or minus by a
random delay period, and wherein a minimum adjusted time length and a3 maximum
adjusted time length of the second portion are defined by a sensing cycle rate of the

ultrasonic transducer.

[0105] In some aspects of the device, a maximum range of the random delay pericd is plus
or minus a value found by subtracting both a time length of an emitted pulse of the
ultrasonic fransducer and a second time length of the fixed portion of the listening window
from a period associated with one cycle at the fixed sensing cycle rate of the ultrasonic

transducer.

[0106] In some aspects of the device, the directed filtering may comprise any suitable type
of filtering. In some aspects of the device, the directed filtering is low-pass filtering. In
some aspects of the device, the directed filtering s median filtering. In some aspecis of
the device, the median filtering comprises median filtering with an odd median filter size
that 1s shorter than the recetve window. In some aspects of the device, the directed
filtering is random sample consensus filtering. In some aspects of the device, the directed
filtering 15 selected from the types of filtering consisting oft low-pass filtering; median

filtering; and random sample consensus filtering.

F0107] In some aspects, a sensor processing unit comprises an ultrasonic transducer and a
sensor processor that is communicatively coupled with the ultrasonic transducer. The
ultrasonic transducer 1s configured to repeatedly emit ultrasonic pulses during transmit
periods which are interspersed with listening windows. Hach sequential pair of the
transnut periods 15 separated by a single listening window of the listening windows.
During a fixed portion of a listening window of the listening windows the ultrasonic
transducer is configured to receive returned signals corresponding to an emitted ultrasonic
pulse of the ultrasonic pulses which was transmitted during a transmit period of the
transmit periods which immediately preceded the listening window. The sensor processor
is configured to randomize an overall length of each listening window of the listening

windows. The sensor processor s also configured to filter or direct filtering of returned
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signals received during a plurality of the randomized listening windows to achieve filtered
returned signals. The sensor processor 1s additionally configured to detect, using the

filtered returned signals, a moving object in a field of view of the ultrasonic transducer.

[0108] In some aspects of the sensor processing unit, the ultrasonic transducer has a

frequency of operation of between 40kHz and 200kHz.

[01091 In some aspects of the sensor processing unit, the ultrasenic transducer has a fixed
sensing cycle rate in samples per second which 1s unchanged over time by the
randomization of each listening window of the listening windows, such that on average the
same nurmber of sensing cycles per second occur with or without the randomization of

each listening window.

[01107 In some aspects of the sensor processing unit, wherein each listening window of
the listening windows comprises the fixed portion and a second portion which s adjusted
plus or minus by a random delay period. A minimum adjusted time length and a
maximum adjusted time length of the second portion are defined by a fixed sensing cycle

rate of the ultrasonic transducer.

[0111] In some aspects of the sensor processing unit, a maximum range of the random
delay period plus or minus a value found by subtracting both a time length of an emitied
pulse of the ultrasonic transducer and a second time length of the fixed portion of the
listening window from a period associated with one sensing cycle at the fixed sensing

cycle rate of the ultrasonic transducer.

[0112] In some aspects of the sensor processing unit, the directed filtering may comprise
any suitable type of filtering. In some aspects of the sensor processing unit, the directed
filtering is low-pass filtering. In some aspects of the sensor processing unit, the directed
filtering is median filtering. In some aspects of the sensor processing unit, the median
filtering comprises median filtering with an odd median filter size that is shorter than the
recetve window. In some aspects of the sensor processing unit, the directed filtering 18
random sample consensus filtering, In some aspects of the sensor processing unit, the
directed filtering 18 selected from the types of filtering counsisting of. low-pass filtering;

median fillering, and randors sample cousensus filtening.
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[0113] In some aspects, a method of operating an ultrasonic transducer to facilitate
coexistence with other ultrasonic transducers in the operating environment of the
ultrasonic transducer 1s performed. The method comprises controlling, by a processor, the
ultrasonic transducer to repeatedly enut ultrasonic pulses during transmit periods which
are iuterspersed with lisiening windows. Each sequential pair of the trausmit periods 13
separated by a single listening window of the listening windows. During a portion of a
listentng window, of the listering windows, the ulirasouvic transducer i1s configured to
receive returned signals corresponding to an emitted ultrasonic pulse of the ultrasonic
pulses which was transmitted during a transmit period of the transmit periods that
immediately preceded the histening window. The method alsc comprises randomizing, by
the processor, an overall length of each listening window of the listerung windows. The
method further comprises filtering returned signals received during a plurality of the
randomized listening windows to achieve filtered returned signals. The filtering may be
performed by or directed by the processor. The method additionally comprises detecting,
by the processor using the filtered returned signals, a moving object in a field of view of
the ulirasonic transducer despiie interference from one or roore of the other ultrasouic

transducers transmitting ultrasonically 1 the operating environment.

[0114] Some aspects of the method further comprise, responsive to detection of the
moving object, employing a state machine to determine an operating state of a device with
respect to a user being either: absent from a vicinity of the device; within the vicinity of
the device; or present at a device. The state machine may be implemented by the

Processor in some aspects.

F0115] In some aspects of the method, the randomizing, by the processor, an overall
length of each listening window of the listening windows comprises: randomizing each
listening window of the listening windows such that a fixed sensing cycle rate in sensing
cycles per second, of the ultrasonic transducer, is unchanged over time, such that on
average the same number of sensing cycles per second occur with or without the

randomization of each listening window.

[0116] In some aspects of the method, each listening window of the listening windows
comprises the fixed portion and a second portion and wherein the randomizing, by the
processor, an overall length of each hstening window of the listening windows comprises:

adjusting the second portion plus or minus by a random delay pericd, wherein a minimum

(O8]
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adjusted time length and a maximum adjusted time length of the second portion are
defined by a fixed sensing cycle rate of the ultrasonic transducer. In some aspects of the
method, the filtering of returned signals received during a plurality of the listening
windows to achieve filtered returned signals comprises:  filtering the returned signals
received durning the plurality of the histening windows using at least one oft low-pass
filtering; median filtering; and random sample consensus filtering. In some aspects of the
method, the filtering of returned signals received during a plurality of the listening
windows to achieve filtered returned signals comprises: filtering returned signals received
during a plurality of the listening windows using an odd median filtering size that is

shorter than the receive window.
Conclusion

(01177 The examples set forth herein were presented in order to best explain, to describe
particular applications, and to thereby enable those skilled in the art to make and use
embodiments of the described examples. However, those skilled in the art will recognize
that the foregoing description and examples have been presented for the purposes of
Hlustration and example only. The description as set forth 15 not intended to be exhaustive
or to limit the embodiments to the precise form disclosed. Rather, the specific features
and acts described above are disclosed as example forms of implementing the claims.

Reference throughout this document 1o "one embodiment,” "certain embodiments,” "an

[LA1] "on

embodiment,” "various embodiments,” "some embodiments,” or similar term means that a
particular feature, structure, or characteristic described 1n connection with the embodiment
is included in at least one embodiment. Thus, the appearances of such phrases in various
places throughout this specification are vot necessarily all referring to the same
embodiment. Furthermore, the particular features, structures, or characteristics of any
embodiment may be combined in any suitable manner with one or more other features,

structures, or characteristics of one or more other embodiments without limitation.
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CLAIMS
What is claimed:
1. A device comprising:

an ultrasonic transducer configured to repeatedly emit ultrasonic pulses during
transmit periods which are interspersed with listening windows, wherein each sequential
pair of the transnut periods 13 separated by a single listening window of the listening
windows, and wherein during a fixed portion of a listening window of the listening
windows the ultrasonic transducer is configured to receive returned signals corresponding
to an emitted ulirasonic pulse of the ultrasonic pulses which was transmitied durning a
transmit period of the transmit periods that immediately preceded the listening window;

and
a processor coupled with the ultrasonic transducer and contigured to:

randomize, by the processor, an gverall length of each listening window of the

listening windows;

direct, by the processor, filtering of returned signals received during a plurality of

the randomized listening windows to achieve filtered returned signals; and

detect, by the processor using the filtered returned signals, a moving objectina

field of view of the ultrasonic iransducer,

2. The device of Claim 1, wherein the ultrasonic transducer has a frequency of

operation of between 40kHz to 200kHz.

3. The device of Claim 1, wherein the ulirasonic transducer has a fixed sensing
cycle rate in cycles per second which 1s unchanged over time by the randomization of each
fistening window of the listening windows, such that on average the same vurber of
sensing cycles per second occur with or without the randomization of each listening

window.

4. The device of Claim 1, wherein each listening window of the listening windows

comprises the fixed portion and a second portion which is adjusted plus or minus by a



WO 2023/249869 PCT/US2023/025374

random delay period, and wherein a minimum adjusted time length and a maximum
adjusted time length of the second portion are defined by a sensing cycle rate of the

ultrasonic fransducer.

5. The device of Claim 4, wherein a maximum range of the random delay period is
plus or minus a value found by subtracting both a ttme length of an emitted pulse of the
ultrasonic transducer and a second time length of the fixed portion of the listening window
from a period associated with one cycle at the fixed sensing cycle rate of the ultrasonic

transducer,

6. The device of Claim 1, wherein the directed filtering is selected from the types
of filtering consisting oft low-pass filtering; median filtering; and random sample

consensus filtering,

7. The device of Claim 1, wherein the directed filtering coruprises median filtering

with an odd median {ilter size that is shorter than the receive window.

8. A sensor processing unit comprising:

an ultrasonic transducer configured o repeatedly emit ultrasonic pulses during
transmit periods which are interspersed with listening windows, wherein each sequential
pair of the transmit periods 1s separated by a single listening window of the listening
windows, and wherein during a fixed portion of a listening window of the listening
windows the ultrasonic transducer is configured to receive returned signals corresponding
to an emitted nltrasonic pulse of the ultrasonic pulses which was transmitted during a
transmit period of the transmit periods which immediately preceded the listening window;

and
a sensor processor coupled with the ulirasonic transducer and configured to:

randomize, by the sensor processor, an overall length of each listening window of

the listening windows;

direct, by the sensor processor, filtering of returned signals received during a
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plurality of the randomized listening windows to achieve filtered returned signals; and

detect, by the sensor processor using the filtered returned signals, a moving object

in a field of view of the ulirasonic transducer.

8. The sensor processing unit of Claim B, wherein the ultrasonic transducer has a

frequency of operation of between 40kHz and 200kHz.

10. The sensor processing unit of Claim 8, wherein the ultrasonie transducer has a
fixed sensing cycle rate in samples per second which i1s unchanged over time by the
randomization of each listening window of the listening windows, such that on average the
same mumber of sensing cycles per second occur with or without the randomization of

each listening window.

11. The sensor processing unit of Claim 8, wherein each listening window of the
Histening windows comprises the fixed portion and a second portion which is adjusted plus
or minus by a random delay period, wherein a mintmum adjusted time length and a
maximum adjusted time length of the second portion are defined by a fixed sensing cycle

rate of the ultrasonic transducer.

12. The sensor processing unit of Claim 11, wherein a maximum range of the
random delay period plus or minus a value found by subtracting both a time length of an
emitted pulse of the ultrasonic transducer and a second time length of the fixed portion of
the listening window from a period associated with one sensing cycle at the fixed sensing

cycle rate of the ultrasonic transducer.

13. The sensor processing unit of Claim 8, wherein the directed filtering is
selected from the types of filtering consisting of . low-pass filtering; median filtering; and

random sample consensus filtering.

14, The sensor processing unit of Claim 8, wherein the directed filtering comprises
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median filtering with an odd median filter size that is shorter than the receive window.

15. A method of operating an ultrasonic transducer to facilitate coexistence with
other wlirasonic transducers in the operating environment of the ultrasonic transducer, the

method comprising:

controiling, by a processor, the ulirasonic transducer to repeatedly emit ultrasonic
pulses during transmit periods which are interspersed with listening windows, wherein
each sequential pair of the transmit periods is separated by a single listening window of
the listening windows, and wherein during a portion of a listening window, of the listening
windows, the ultrasonic transducer is configured to receive returned signals corresponding
to an emitted ultrasonic pulse of the ultrasonic pulses which was transmitted during a
transmit period of the transmit periods that immediately preceded the listening window;

randomizing, by the processor, an overall length of each listening window of the
listentog windows,

filtering returned signals received during a plurality of the randomized listening
windows to achieve filtered returned signals; and

detecting, by the processor using the filtered returned signals, a moving objectin a
field of view of the ultrasonic transducer despite interference from one or more of the

other ultrasonic transducers fransmitting ultrasonically in the operating environment.

16, The method as recited 1o Claim 15, further comprising:
responsive to detection of the moving object, employing a state machine to
determine an operating state of a device with respect to a user being either: absent from a

vicinity of the device; within the vicinity of the device, or present at a device.

17. The method as recited in Claim 15, wherein the randomizing, by the processor,
an overall length of each listening window of the listening windows comprises:

randomizing each listening window of the listening windows such that a fixed
sensing cycle rate in sensing cycles per second, of the ultrasonic transducer, is unchanged

over tirae, such that ou average the same number of sensing cycles per second occur with
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or without the randomization of each listening window.

18 The method as recited in Claim 15, wheretn each histening window of the
listening windows comprises the fixed portion and a second portion and wherein the
randomizing, by the processor, an overall length of each listening window of the listening

windows comprises:

adiusting the second portion plus or minus by a random delay period, wherein a
nunimmum adjusted time length and a maximum adjusted time length of the second portion

are defined by a fixed sensing cycle rate of the ultrasonic transducer,

19. The method as recited in Claim 17, wherein the filtering returned signals
received during a plurality of the listening windows to achieve filtered returned signals
COMPrises:

filtering the returned signals received during the plurality of the listening windows
using at least ove of low-pass filtering; median {iltering; and random sample consensus

filtering.

20. The method as recited in Claim 17, wherein the filtering returned signals
received during a plurality of the listening windows to achieve filtered returned signals
COMPrises:

filtering returned signals received during a plurality of the listening windows, by

the processor, using an odd median filtering size that is shorter than the receive window.
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CONTROL AN ULTRASONIC TRANSDUCER TO REPEATEDLY EMIT ULTRASONIC
PULSES DURING TRANSMIT PERIODS WHICH ARE INTERSPERSED WITH
LISTENING WINDOWS, WHEREIN EACH SEQUENTIAL PAIR OF THE TRANSMIT
PERIODS IS SEPARATED BY A SINGLE LISTENING WINDOW OF THE LISTENING
WINDOWS, AND WHEREIN DURING A PORTION OF A LISTENING WINDOW, OF
THE LISTENING WINDOWS, THE ULTRASONIC TRANSDUCER 1S CONFIGURED
TO RECEIVE RETURNED SIGNALS CORRESPONDING TO AN EMITTED
ULTRASONIC PULSE OF THE ULTRASONIC PULSES WHICH WAS TRANSMITTED
DURING A TRANSMIT PERIOD OF THE TRANSMIT PERIODS THAT IMMEDIATELY
PRECEDED THE LISTENING WINDOW
1210

Y

RANDOMIZE AN OVERALL LENGTH OF EACH LISTENING WINDOW OF THE
LISTENING WINDOWS
1220

Y

FILTER RETURNED SIGNALS RECEIVED DURING A PLURALITY OF THE
RANDOMIZED LISTENING WINDOWS TO ACHIEVE FILTERED RETURNED
SIGNALS
1230

Y

DETECT, USING THE FILTERED RETURNED SIGNALS, A MOVING OBJECT IN A
FIELD OF VIEW OF THE ULTRASONIC TRANSDUCER DESPITE INTERFERENCE
FROM ONE OR MORE OF THE OTHER ULTRASONIC TRANSDUCERS
TRANSMITTING ULTRASONICALLY IN THE OPERATING ENVIRONMENT
1240

r |

| IN RESPONSE TO DETECTION OF THE MOVING OBJECT, EMPLOY A STATE

MACHINE TO DETERMINE AN OPERATING STATE OF A DEVICE WITH RESPECT

| TO A USER BEING EITHER: ABSENT FROM A VICINITY OF THE DEVICE; WITHIN
THE VICINITY OF THE DEVICE, OR PRESENT AT A DEVICE

| 1250 |
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