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Abstract:

Systems and methods for providing a communications and relative positioning capability using
frequency-modulated continuous-wave radar installed on multiple mobile and/or stationary objects,
providing secure/reliable determination of signal origin from a select one of a plurality of
geographically mobile machines, equipment, devices, or systems and subsequent selective
establishment/facilitation of direct/deterministic/reliable communication therewith.
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RADAR-BASED SENSING, POSITIONING, AND COMMUNICATIONS SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of the filing date under 35 U.S.C. §
119(e) of U.S. Provisional Application Serial No. 63/145,222 filed on February 3rd,
2021, U.S. Provisional Application Serial No. 63/155,110 filed on March 1st, 2021, U.S.
Provisional Application Serial No. 63/229,345 filed on August 4, 2021, and U.S.
Provisional Application Serial No. 63/239,077 filed on August 31, 2021, the entire
disclosures of which are incorporated by reference in their entirety.

FIELD

[0002] Embodiments relate to systems and method for communicating using
frequency-modulated continuous-wave radar signals.

BACKGROUND

[0003] Establishing/enabling ad-hoc secure/deterministic/reliable wireless
communications selectively and deterministically between two or more machines or
devices, e.g., arbitrary machines/devices, among a plurality of available
machincs/dcvices, particularly, when onc or morc of thosc machincs/devices arc
mobile/in motion, may be challenging, particularly in environments which themselves
pose challenging conditions, such as outdoors, industrial settings, etc. Such challenges
include an initiating machine/device determining which particular machine/device, or
otherwise discriminating among multiple machines/devices, with which to establish
communications, validating by the initiating machine/device that it is in fact
communicating with the intended machine/device, maintaining a reliable communications
channel to ensure the desired communications can be maintained, etc.

[0004] Frequency-modulated continuous-wave (FMCW) radar is an imaging
technology that allows for the remote detection of the position and speed of multiple
objects. As it is a radio-based technology, it has many advantages over other sensing
technologies which may be impaired by environmental conditions, such as optical/vision-
based systems, which may be impaired, for example, by dust, fog, rain, etc. and
ultrasound-based systems, which may be impaired, for example, by dust and wind. By

operating in the millimeter wavelength region, the radar’s antenna geometries become
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miniaturized, allowing for very small-scale antenna arrays. This results in an extremely
robust and compact sensing device, able to detect the location and speed of objects in its
surroundings. Millimeter wave (mmWave) is a class of radar technology that uses short
wavclength clectromagnetic waves. Radar works by transmitting clecctromagnctic wave
signals that objccts in the signal’s path then reflect. By capturing the reflected signal, a
radar system can determine the range, velocity, and angle of the objects.

[0005] An FMCW radar device operates by wirelessly transmitting a chirp signal,
which starts at one frequency and linearly ramps to another, higher or lower frequency,
and repeats. Any portion of the signal reflected off an object back toward a receiver
antenna is then mixed, or multiplied with the transmitted signal, which generates an
intermediate frequency (I/F) signal. The frequency of the I/F signal is equal to the
difference in frequency between the transmitted and received signals, that is proportional
to the amount of timce the transmit chirp was active before the reflected signal was
received. This time is equal to the signal’s propagation delay from the transmit antenna to
the object plus the propagation delay from the object to the receive antenna. Because the
signal travels at the speed of light, the distance between the radar antennas and the object
can be determined or otherwise derived by multiplying the average of these two
propagation delay times by the speed of light. The speed of the object may also be
determined by measuring the phase shif(t of the I/F signal (rom chirp to chirp. The angle
between the object and the radar antennas may be measured by using an array of receive
antennas and using the phase shift between the concurrently-received signals to calculate
the angle of arrival. The direction of the transmitted signal may also be steered using a
phased array of transmit antennas. This technique feeds the transmitted signal to different
antennas with different phase delays, allowing the direction of the transmitted signal to be
adjusted or steered, focusing the transmitted signal in the specific direction. This
technology is available in a highly integrated package, for example in the TWR6843A0P
manufactured by Texas Instruments. The IWR6843 A0OP operates from 60 to 64 GHz,
allowing for a very small form factor. The IWR6843 AOD integrates all FMCW radar
functions including transmittcr and reeciver antenna arrays in a 15 mm by 15 mm

packagc.
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[0006] While a conventional 'MCW radar device such as the IWR6843A0P is
able to locate objects in space, the identity and any other information about any detected
objects cannot be determined thereby.

BRIEF DESCRIPTION OF THE FIGURES

[0007] Figure 1 depicts an cxample of different locations where the FMCW
devices may be attached in a farming environment according to an embodiment.

[0008] Figure 2 depicts an example of a FMCW system that coordinates multiple
radar modules according to an embodiment.

[0009] Figure 3 depicts an example method for communicating using FMCW
radar according to an embodiment.

[0010] Figure 4 depicts a demonstration of each of measurements detectable with
the FMCW system according to an embodiment.

[0011] Figurc 5 depicts an cxample allocation of bandwidth channcls according to
an embodiment.

[0012] Figure 6 depicts example locations of frequencies on a frequency spectrum
plot according to an embodiment.

DETAILED DESCRIPTION

[0013] Embodiments provide systems and methods [or communicating using
FMCW hardware installed on multiple mobile and/or stationary objects, providing
secure/reliable determination of signal origin from a select one of a plurality of
geographically mobile or stationary devices and subsequent selective
establishment/facilitation of direct/deterministic/reliable communication therewith. By
enabling the radar system to communicate with objects detected thereby in such a manner
that the communications are known to have originated from that particular object rather
than some other source, the disclosed embodiments enable other important and secure
information could be determined about the object or obtained therefrom.

[0014] As used herein, a frequency-modulated continuous-wave (I'MCW) radar,
FMCW device, or FMCW system may refer to a FMCW radar/device/system, which may
comprisc onc¢ or morc discrete FMCW radar chips/circuits/devices/antennas, control
systcms, memorics, othcr communications devices, cte., configurced in accordance with

the embodiments disclosed herein and affixed to an object or machine, such as a piece of
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agricultural machinery, e.g., a combine, grain cart, truck or trailer, grain auger, etc. In
some embodiments, an FMCW system may refer to multiple discrete FMCW devices
affixed at different locations/positions on one or more objects/machines. In some
contexts, a device or system may refer to the combination of a suitably configured
FMCW device/system and the objcct/machine to which it is affixced, such as with the
operational or management control systems thereof. That is, the suitably configured
FMCW device/system is coupled with the object/machine so as to provide a mode,
medium or channel of communication by which the control/management systems of the
object/machine may communicate with other similarly enabled objects/machines to
implement the functions as described herein. In other embodiments, the FMCW
device/system may be affixed to an object/machine but is otherwise coupled with a
computing/control/management system remote therefrom, such as via a wireless network,
c¢.g., ccllular or Wi-Fi nctwork, which dirccts the operations of the FMCW device and
utilizes the mode, medium or channel of communication provided thereby. In other
implementations, combinations of the aforementioned may be used as will be understood
by one of ordinary skill in the art.

[0015] One application where communication between multiple machines/devices
is important is a farm where it is desirable for various pieces of stationary and/or mobile
agricultural equipment, e.g., combines, grain cars, trucks, etc., (0 automatically
communicate with one another to, for example, automatically exchange information
regarding loads and transfers thereof between pieces of equipment, e.g., for harvest/field
or inventory management. Figure 1 depicts an example of different locations where the
FMCW devices may be attached in a farming/agriculture environment/operation. In
Figure 1, the FMCW may be attached or coupled with a grain bin, a swing away auger, a
grain truck, a grain cart, and a combine harvester. In such an environment, it is important,
for example, that a machine receiving a transfer of a load, such as grain, corn, etc., or
portion thereof, “know” from which other machine it is receiving the transfer and/or that
the transferring machine “know” to which machine it is transferring a load, or portion
thereof. Further, it may be uscful for these machines to cxchange information regarding
the initiation or ccssation of a transfcr cvent, the amount, ¢.g., weight or volume, of

material transferred, such as for tracking purposes, etc.
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[0016] Where multiple pieces of equipment are operating proximate to one
another, e¢.g., multiple combines are operating in a field with multiple grain carts
circulating between those combines, to pick up loads, and multiple trucks are waiting to
haul thosc loads away, it may be difficult for automated systems to discriminatc between
particular picces of cquipment. For cxample, where cach picee of cquipment may be
equipped with radio beacon identifiers, the close operating proximity, as well as radio
interference and other environmental conditions, may make it difficult for a receiver to
discriminate between those beacons to reliably establish communications with a particular
piece of equipment. Further, optical, and acoustic based technologies may be impeded by
machine movement or noise, environmental conditions, such as poor lighting or wind,
e.g., at dusk/dawn or at night, dust or dirt, rain, etc.

[0017] In an embodiment, a system is provided wherein each piece of equipment
includes two or morc radar modulcs that arc attached at various locations thercon. The
radar modules/devices are configured to use frequency-modulated continuous-wave
(FMCW) radar to determine their respective orientation to other equipment and to
communicate information about themselves to the other equipment.

[0018] Each 'MCW device may be packaged as a discrete sensor connected to
power and data communications with one or more cables, such as controller area network
(CAN), so that it can be easily located and oriented on the equipment for optimum
performance. Multiple sensor devices may then connect to a single computing module,
for data capture and analysis, machine control, and data backhaul such as via Wi-Fi,
Ethernet, cellular, satellite or point-to-point wireless. Each of the FMCW devices may
include multiple components such as transmit (TX) and receive (RX) radio frequency
(RF) components e.g., antennas; analog components such as clocking; and digital
components such as analog-to-digital converters (ADCs), microcontrollers (MCUs) and
digital signal processors (IDSPs) among other components. The FMCW devices transmit a
frequency-modulated signal substantially continuously in order to measure range as well
as angle and velocity. This differs from traditional pulsed-radar systems, which transmit
short pulscs periodically. The FMCW devices transmit a chirp signal and capturc the
signals rctlected by objccts in its path. The processing and sharing of the chirp signals and

data collected therein by the disclosed embodiments allow the FMCW devices to
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establish a communication channel by which data may be exchanged. In an embodiment,
multiple FMCW devices are in communication with a computing module that directs the
FMCW devices and analyzes the results.

[0019] Figurc 2 depicts an cxample of a FMCW system that coordinates multiple
radar modulcs that arc attachcd to a singlc objcct (picce of stationary cquipment) or singlc
piece of mobile equipment at different locations. Multiple radar modules attached to a
single device is also depicted in Figure 1 described above. The computing module may be
configured to process and analyze data from each of the radar modules and in this way,
provide information about the equipment or object to an operator or centralized location
using, for example, a standard wired or wireless network. The computing module may
further be configured to communicate with other remote computing modules on other
pieces of equipment or objects using the FMCW radar signals generated and received by
the radar modulces thus allowing operators to understand the opceration and orientation of
multiple objects or pieces of equipment in the field, e.g., relative to each other or a
common origin. The computing module may include different modules, units, or
components such as a processing unit and a memory.

[0020] The processing unit may be configured to process signals from the radar
modules. The processing unit may be or include a central processing unit (CPU), a
graphics processing unit (GPU), or both. The processing unit may be a component in a
variety of systems. For example, the processing unit may be part of a standard personal
computer or a workstation. The processing unit may be one or more general processors,
digital signal processors, specifically configured processors, application specific
integrated circuits, field programmable gate arrays, servers, networks, digital circuits,
analog circuits, combinations thereof, or other now known or later developed devices for
analyzing and processing data. The processing unit may implement a software program,
such as code generated manually (i.e., programmed).

[0021] The processing unit may include a memory that can communicate via a
bus. The memory may be a main memory, a static memory, or a dynamic memory. The
memory may include, but is not limited to, computer rcadable storage media such as
various typcs of volatilc and non-volatile storage media, including but not limited to

random access memory, read-only memory, programmable read-only memory,
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electrically programmable read-only memory, electrically erasable read-only memory,
flash memory, magnetic tape or disk, optical media, and the like. In one embodiment, the
memory includes a cache or random-access memory for the processing unit. In alternative
cmbodiments, the memory is scparate from the processing unit, such as a cachc memory
of a processor, the systcm memory, or other memory. The memory may be an cxternal
storage device or database for storing data. Examples include a hard drive, compact disc
("CD™), digital video disc (“DVD’’), memory card, memory stick, floppy disc, universal
serial bus (“USB”) memory device, or any other device operative to store data. The
memory is operable to store instructions executable by the processing unit. The functions,
acts or tasks illustrated in the figures or described herein may be performed by the
programmed processing unit executing the instructions stored in the memory. The
functions, acts or tasks are independent of the particular type of instructions set, storage
media, processor or processing stratcgy and may be performed by software, hardware,
integrated circuits, firmware, micro-code, and the like, operating alone or in combination.
Likewise, processing strategies may include multiprocessing, multitasking, parallel
processing, and the like.

[0022] The processing unit may further include a display unit, such as a liquid
crystal display (LLCD), an organic light emitting diode (OLED), a (lat panel display, a
solid-state display, a cathode ray wube (CRT), a projector, a printer or other now known or
later developed display device for outputting determined information. The display may
act as an interface for the user to see the functioning of the processing unit, or specifically
as an interface with the software stored in the memory.

[0023] Additionally, the processing unit may include an input device configured to
allow a user to interact with. The input device may be a number pad, a keyboard, or a
cursor control device, such as a mouse, or a joystick, touch screen display, remote
control, voice input, or any other device.

[0024] The processing unit may also include a disk or optical drive unit. The disk
drive unit may include a computer-readable medium in which one or more sets of
instructions, ¢.g., softwarc, can be cmbedded. Further, the instructions may cmbody onc
or morc of thc mcthods or logic as described herein. In a particular cmbodiment, the

instructions may reside completely, or at least partially, within the memory and/or within
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the processing unit. The memory and the processing unit also may include computer-
readable media as discussed herein.

[0025] The present disclosure contemplates a computer-readable medium that
includes instructions or receives and cxccutes instructions responsive to a propagated
signal, so that a device conncceted to a network can communicate voice, vidco, audio,
images, or any other data over the network. Further, the instructions may be transmitted
or received over the network via a communication interface. The communication
interface may be a part of the processing unit or may be a separate component. The
communication interface may be created in software or may be a physical connection in
hardware. The communication interface is configured to connect with a network, external
media, the display, or any other components, or combinations thereof. 'The connection
with the network may be a physical connection, such as a wired Ethernet connection or
may bc cstablished wirclessly. Likewisc, the additional conncctions with other
components of the system may be physical connections or may be established wirelessly.
[0026] The network may include wired networks, wireless networks, or
combinations thereof. The wireless network may be a cellular telephone network, an
802.11, 802.16, 802.20, or WiMAX network. I'urther, the network may be a public
network, such as the Internet, a private network, such as an intranet, or combinations
thereofl, and may utilize a variety of networking protocols now available or later
developed including, but not limited to, TCP/IP based networking protocols.

[0027] In an example operation of a system including at least two different FMCW
systems, when two of the different FMCW systems are located such that, they are within
each other’s sensing field of view, they are then able to receive one another’s transmitted
signals, including the chirp signals. The chirp signals are processed and analyzed to
identify a distance, direction, and orientation to another device. The distance, direction,
and orientation may be used to setup a communication channel to the other device that
uses the chirp signals to transmit data back and forth between the devices. Iigure 3
depicts a method for setting up and using a communication channel between two FMCW
cnablcd devices.

10028] At Act A110, a dircction vector to the source of the opposite’s transmitted

signal can be determined using an array of two or more receive antennas by calculating
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the angle of arrival in either the azimuth or elevation planes, or both. Angular estimation
is based on the observed phase shift between the signal received by at least two RX
antennas. Because the antennas are at different locations, the distance between the
antcnnas and the corresponding phasc shift may be usced to determine the angle of arrival.
These antennas may be arranged in a grid with Y2 wavcelength center-to-center scparation.
[0029] At Act A120, each receiving FMCW device may be configured to
determine the distance to its opposite using FMCW ranging techniques, resulting in the
location (distance and direction) to the opposite FMCW transmitting system, relative to
the receiving device. By sharing this information between the devices, the relative
direction and distance to, and orientation of, each device’s opposite is then known to
both. The rotation of the devices around the axis connecting the two devices relative to
one another may also be determined through the use of multiple transmit antennas at
diffcrent locations. Becausc the rotation of onc device relative to the other causcs an
apparent motion of the transmit antennas based on the direction of rotation, the angle of
arrival between antennas at the receiving end will be detected. Figure 4 depicts a
demonstration of each of measurements detectable with the system, including yaw, pitch,
roll and distance.

[0030] An alternative method for determining the distance between devices is Lo
have each device phase adjust its ramp signal (o align the start of its chirp transmission Lo
the start of the chirp it received. The advantage is that this method directly and
unambiguously determines the distance between devices, rather than inferring it by
making distance measurements in the direction corresponding to the device’s
transmission, relying on passive reflections from the device. This both improves
reliability and accuracy. Each device can then determine the distance to its opposite using
the same method it uses for ranging with a passive object, as time aligning transmission
with reception duplicates the timing behavior of a passive reflector. The receiving device
is able to make a relative phase measurement between the ramp signal received and the
one it has transmitted by mixing the transmit and receive signals and measuring the
frequency of the I/F signal. If the ramps arc aligned, the transmit and reecive frequencics
arc cqual throughout thc ramp and thc mixed I/F signal will bec 0 Hz (DC). If the VF

signal is non-zero, then a phase shift exists, and is proportional to this frequency. The I/F

CA 03205160 2023-7-13
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frequency may be high-pass filtered, in which case a minimum phase shift will need to be
maintained. If this frequency is too large, a temporary adjustment to one of the parameters
of the next transmit ramp can be made to compensate for this shift. Devices such as the
IWR6843A0P do not dircctly support adjusting the phasc of the transmit ramp, but other
paramcters, such as the idle time between ramps, the ramp repetition frequency, and the
ramp duration are configurable. For example, the idle time between ramps can be
temporarily adjusted and a new phase measurement can be made. Due to the I/F
bandwidth limitation, phase aligning may be performed on a narrowband sweep channel
used for communications, avoiding the searching process needed if operating instead on
the wideband full sweep channel. Then this phase may be preserved when switching to a
larger scan bandwidth. In alternative embodiment, direct phase control of the transmit
ramp may be supported, rather than temporarily adjusting a parameter, which requires
two time-controlled adjustments. The system may instcad provide for a phasc shift
control function, whereby issuing the command directly advances or delays the phase of
the chirp signal, simplifying and accelerating the synchronization process. Another
method would be to provide for a phase resynchronization command, whereupon issuance
the ramp signal restarts at a predetermined phase.

[0031] A simpler alternative to having the device phase align it transmit (requency
ramp signal is [or it 10 measure and communicate this phase 1o its opposite, which can
then subtract this reported phase as an offset from its own phase measurement. This
avoids requiring precise control of the phase and needing to continually adjust it. When
using complex demodulation and sampling, the demodulation operation functions as a
one-way frequency shift (negative or positive) of the received signal by the value of the
transmitted frequency (the transmitted frequency functions as the demodulator’s local
oscillator in an FMCW system), whereas a real demodulator causes a two-way shift (both
negative and positive). If a negative frequency shift is used, received frequencies higher
than the transmitted frequency (the upper sideband) will result in positive I/I' frequencies,
and received frequencies lower than the transmitted frequency (the lower sideband) will
result in negative VF frequencics. If a positive frequency shift is used instead, the VF is
mirrorcd as the polarity of the demodulated VF frequencics arc reversed, and frequencics

in the upper sideband will result in negative I/F frequencies and frequencies in the lower
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sideband will result in positive I/I' frequencies. With a real demodulator, both positive
and negative copies of the I/F frequency components will result. A phase shift between
the transmit and receive frequency ramps results in an I/F signal of either positive or
ncgative frequency, or both (for rcal sampling and demodulation), depending on which
ramp is Icading and which is lagging, and whcther the frequency shift is positive or
negative, or both (for real sampling and demodulation). The embodiments described
throughout assume a positive slope ramp for both real and complex sampling and
demodulation, and a negative frequency shift for complex sampling and demodulation but
any combination of these may be selected with the only effect being the polarity of the
demodulated I/F frequencies. Using a negative frequency ramp is equivalent to reversing
which ramp is leading and which is lagging with respect to the positive slope case. In the
case that the received (positive slope) frequency ramp is leading the transmitted (positive
slopc) ramp, the reccived frequency will be higher than the transmitted frequency, so the
resulting I/F will be a positive frequency (assuming a negative frequency shift), and if
lagging, negative. This allows for direct determination of the magnitude and sign of the
required phase adjustment. However, when using real demodulation and sampling, the
frequency of the I/I' signal is both positive and negative, and proportional to the phase
shift between the transmit and the receive [requency ramps so does not indicate which
signal is leading and which signal is lagging. One method of resolving this ambiguity is
to have the receiving device perform a phase adjustment of its ramp signal and determine
whether the I/F frequency increased or decreased. If a phase delay of the receiver’s
transmit ramp results in an increase in the I/F frequency, then the delay must have
increased the time separation between the two ramp signals (moved the ramps further
apart in time) as the difference in frequency between the ramps increased, so it follows
that the receiver’s transmit ramp was lagging the received ramp. Conversely, if a phase
delay of the receiver’s transmit ramp results in a decrease in the I/F frequency, the
difference in frequency between the ramps decreased so it follows that the receiver’s
transmit ramp was leading the received ramp. If a phase advancement were used instead,
an incrcasc in frequency would indicate the recciver’s transmit ramp is leading and a
decrcase would indicate that it’s lagging. Performing this mcasurcment may require

coordination between the two devices, so that they are not concurrently making this
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adjustment. This coordination may be performed via the communications channel. Due to
I/F bandwidth limitations, this modified phase aligning method may be performed on a
narrowband sweep channel used for communications rather than the full sweep channel to
cnsurc the demodulated signal is in band. 'Then this phase may be prescrved when
switching to a larger scan bandwidth. Also, the I/F bandwidth limitation limits the
absolute phase difference that can be measured and communicated, so the phases must be
aligned enough such that there is never more than the anti-aliasing bandwidth separation
between the two.

[0032] This technique may be generalized through complex sampling techniques.
If each device transmits a chirp and receives a chirp overlapping in time, complex
frequency measurements from both devices may be combined to unambiguously measure
the distance between the two devices. This is independent of the relative phase, provided
the I/F signal is within the bandwidth of the receciver. In the casc of the IWR6843A0P,
this I/F upper bandwidth is 10 MHz, so the chirps must be sufficiently overlapped such
that the difference in frequencies between the transmit and receive chirps is less than or
equal to 10 MHz. This alignment may be accommodated by having one side temporarily
use a fixed frequency for demodulation, where that frequency is within the sweep range
of the received signal. This will cause a portion of the received chirp o be in-band,
received as a chirp signal rather than a constant [requency, as the local oscillator used for
demodulation is of fixed frequency rather than a chirp. The detection of this demodulated
chirp, such as through cross correlation with a chirp basis function, may then be used to
extract the timing of the received chirp by prior knowledge of the starting frequency of
the received chirp and the fixed demodulation frequency. Further, the frequency slope of
the I/F chirp will be equal to the transmitted chirp’s slope, as the fixed demodulation
causes a fixed frequency offset without changing the chirp’s frequency slope. If the
demodulator’s frequency slope is non-zero, this slope is subtracted from the received
chirp’s slope, changing the slope of the I/I chirp. By utilizing this property, the receiving
device may increase the magnitude of its slope to something non-zero, in order to
decreasc the resulting slope of the I/F chirp. Becausce this incrcascs the time the signal
takes to sweep the I/F bandwidth, it causcs the received signal to remain within the I/F

bandwidth for a longer duration of time. This simplifies detection and increases the
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resolution of the measured slope due to the increase in available digital samples. This
slope may be measured by the receiving device, accounting for the demodulation chirp’s
slope, and replicated in its own chirp transmissions as a way to match the frequency slope
between devices. The slopes may also be preconfigured to fixed valucs, which may or
may not bc cqual to onc another. Further, the chosen slope may, itsclf, be uscd to
communicate information, for example the identity of the transmitting machine, such that
the receiving device may determine the identity of the received signal by measuring this
slope. If both devices transmit with a different slope, either the lower or higher slope or
another predefined slope may instead be standardized for use by both devices if a match
in slope is required to allow synchronization of the chirps between the two devices, to
facilitate communications between the devices. In the case that the demodulation
frequency is equal to the starting frequency, the beginning of the chirp is detected, with a
small crror as the high-pass corner within the I/F bandwidth requircs a minimum
frequency difference before it is detected. Once this timing is extracted, the receiver may
then use a chirp signal with the extracted timing to fully detect and analyze the receive
chirp. The slope used for device identification and discovery may be different than that
used during data communications. I'or example, each device may use a unique slope to
identily itsell when not in communication with another device, but transition to another
slope that may or may not be common (o all communicating devices in the network. In-
range communicating pairs may operate concurrently, provided their chirps are separated
by more than the I/F bandwidth (e.g., 10 MHz). This is because chirps received more than
the I/F bandwidth away from the local chirp are filtered by the I/F signal chain. The
following paragraphs describe how to use the received chirps from both devices to extract
the range between the two.

[0033] In the case that each device transmits the same chirp at the same time, each
device will detect an I/F frequency proportional to the propagation delay between the
devices. This is because for each device the received signal is delayed by the propagation
delay with respect to the transmitted signal. This causes the difference in the transmit and
receive frequencics to be dircetly proportional to this delay, so cach device makes the
samc frecquency measurcment, from which the distance may be calculated. Becausce cach

device’s transmit frequency is leading in time with respect to the received, the received
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frequency will be lower than the transmit and will be located in the lower sideband and
will demodulate as a negative frequency. The average of these two frequencies may be
used to determine the distance between the devices.

[0034] Another casc is where device A transmits first, and device B transmits at
the moment that device A’s signal arrives, cmulating a reflection from device B. In this
case, device B will measure no I/F frequency, as there is no frequency difference between
its transmit and receive signal. Device A will receive a frequency lower than its transmit
based on the round-trip time (twice that of the previous case) and will again be in the
lower sideband, demodulating as a negative frequency. The average of these two
frequencies may then be used to determine the distance. The analysis is equivalent if
devices A and B are switched.

[0035] Another case is where device A transmits first, and device B transmits
before device A’s signal arrives. In this casc, device B will reccive a frequency lower
than its transmit frequency based on the difference in time between when it begins
transmitting and when the signal is received (td1). As this signal is in the lower sideband,
it will demodulate as a negative frequency. Device A will receive a frequency lower than
its transmit frequency based on the round-trip time minus td1, and will also be in the
lower sideband, demodulating as a negative {requency. The average of these two
[requencies may then be used o determine the distance. The analysis is equivalent if
devices A and B are switched.

[0036] Another case is where device A transmits first, and device B transmits after
device A’s signal arrives. In this case, device B will receive a frequency higher than its
transmit frequency based on the time between when the received signal arrives and when
it begins transmitting (td2). As the received signal is higher than the transmitted
frequency, it will be in the upper sideband and demodulate to a positive frequency.
Device A will receive a frequency lower than its transmit frequency based on the round-
trip time plus td2, which is in the lower sideband and demodulates as a negative
frequency. As the two frequencies seen at each end are of different signs, the average may
be uscd to determing the distance. This analysis is cquivalent if devices A and B are

switched.
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[0037] In each of these cases, and in general, the distance may be found by
measuring and averaging the two frequencies, provided the frequencies have both a
magnitude and sign. This may be accommodated with complex sampling, via in-phase
and quadraturc demodulation. As this technique functions independently of the alignment
between the phasces between cach signal, it simplifics the synchronization process,
requiring only enough overlap such that the I/F signal is in-band.

[0038] Referring back to Figure 3, at Act A130, the transmit signals are used to
send data, rather than simply performing scans. Because the chirp signal is defined by a
number of characteristics, such as chirp rate, frequency range and ramp rate,
different/modified chirp signals can be used to send different symbols or other
information-carrying signals, where those symbols/signals represent different pieces of
data/information. For example, a chirp signal could be used to send one or more bits, or
other types of data such as the identity of the object transmitting the signal. The recciving
FMCW device, according to the disclosed embodiments, can then detect these various
chirp signals to receive and decode the transmitted data.

[0039] At act A140, the devices communicate data with one another using the set-
up communications channel. Various modulation techniques such as binary phase
modulation (BPM) may be used 1o send data, where the phase of the transmitted carrier is
modulated by a phase of either 0 or 180 degrees. BPM is supported on some FMCW
devices, such as the IWR6843 AOP, not for sending data but rather as a way to support
beamforming with multiple transmit antennas from the same device. By, instead, or in
addition thereto, using this phase control as well as different chirp signals to encode data,
the effective bandwidth of the channel can be increased, as there are now two phase-
variants of each chirp available for data transmission. Finer control over the phase and
amplitude allows for expanded bandwidth using methods such as quadrature amplitude
modulation (QAM). The device’s I/F may be bandlimited with a low-pass anti-aliasing
filter and a high-pass filter for A/C coupling. This limits the phase shift between the
transmit and receive sweep ramps that will result in a measurable I/F, as the I/F frequency
is cqual to the difference in transmit and reccive frequencics. 1f the difference in
frequencics 1s too high, the anti-aliasing filter will reject it. It the difference it too low, the
high-pass filter will reject it. The IWR6843A 0P has a maximum I/F bandwidth of 10

CA 03205160 2023-7-13
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MHz, and a high-pass filter cut-off of 375 kHz. In this case the receiver must adjust the
phase of its ramp until it is within 10 MHz of the received sweep, but not closer than 375
kHz, so that the I/F signal is in band. Reducing the sweep bandwidth by reducing the
slopc and/or duration of the chirp simplifics phasc locking as the range of possiblc
frequencics to track is reduced, at the cxpense of ranging accuracy, as ranging accuracy
increases with increased sweep bandwidth in an FMCW system. In an alternative
embodiment, the I/F bandwidth may be expanded toward 0 Hz (IDC), which would allow
for closer frequency-tracking between devices, and expansion to DC would allow exact
frequency-tracking; extending the upper range would increase the range of allowable
phase mismatch between the ramps transmitted by each device. This tracking may be
further improved through the use of dedicated hardware, such as a phase-locked-loop
(PLL). PLLs are typically constructed with a voltage-controlled oscillator (VCO), where
the phasc/frequency crror between the VCO output and the input signal controls the VCO
frequency. If the I/F signal is used as the input to a PLL with sufficient loop bandwidth to
track the chirp rate, the PLL’s VCO output signal will be a synthesized copy of the
dominant (largest magnitude) frequency component of the received I/F signal. Therefore,
the VCO control voltage may be utilized as a proxy for the dominant instantaneous I/T°
frequency. If this signal is summed with the ramp generator output used by the FMCW
system, and this summed signal is used o control the transmit oscillator, the transmit
frequency will be locked to the receive signal. It may be necessary to add some DC offset
to the transmit control signal to prevent exact tracking, due to the described I/F high-pass
cut-off. However, once the devices have locked using the reduced sweep bandwidth as
described above, they may exchange chirp phase alignment data (the chirp phase offset
measured by each device) using a communications channel and transition to a high sweep
bandwidth and retain lock. It may also be important for the devices to use precision
oscillators to avoid frequency drift. Temperature-compensated crystal oscillators
(TCXOs) are available at less than 1 ppm tolerance, which is stable enough that the drift
from sweep to sweep is small. Alternatively, a ’LL could be used to synchronize the
clocks but may introducce additional complexity. The sweep bandwidth, which is the

rangc of frcquencics swept, may be reducced to limit the possible frequency differcnee
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between devices as the range of possible frequencies is necessarily reduced, easing the
search for the optimal phase.

[0040] The FMCW device may be used to create a carrier sense multiple access
with collision detection (CSMA/CID) communications nctwork. When a device is
receiving, it uscs a predefined chirp, starting at a predefined frequency (fr), which it
transmits at minimal power or not at all. This chirp is used to demodulate the received
signal. When a device transmits, it transmits the equivalent duration and slope chirp, but
at a different starting frequency (fr) than when in receive mode and its phase and/or
amplitude can be modulated to send data. For any device receiving the transmitted signal,
it will be demodulated to a frequency equal to the difference between the frequencies,
which will have some uncertainty due to the relative phase shifts of the ramps. This phase
shift may be adjusted such that the received signal is demodulated to a minimum I/F
frequency. This alignment can be achicved by having the receiver’s ramp phasc adjusted
such that the time duration of the I/F signal is maximized, as there is idle time between
chirps. This represents the phase of maximum overlap between the two ramps. The
difference between these frequencies must be higher than the high-pass cut-off and lower
than the anti-aliasing cut-off, and the difference between these represents a sub-band
which may be divided into multiple channels. Because any received signal more than the
anti-aliasing bandwidth away (rom the receive mode chirp is liltered, other sub-bands
used for data transmission, or radar sweeps, can co-exist, provided they use different
frequencies. The chirp bandwidth determines the amount of bandwidth used for each
channel, so the smaller the chirp bandwidth the more channels are able to coexist within
the sub-band, with different devices using different transmit channels within the band.
These channels may be preassigned or assigned on an ad-hoc basis. The arrangement
allows a single device to receive data from multiple channels at once while in receive
mode. However, when transmitting, the received signal is demodulated based on the
transmit mode frequencies instead of the receive mode frequencies, which shifts the VI
signal down to lower frequencies. Many of these received frequencies are recoverable,
but the signal reccived from another transmitter X Hz above the transmitter’s frequency
will demodulatc to the samc frcquency as a channcl X Hz below the transmitter’s

frequency, causing them to interfere with each other. While this can make data reception
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challenging while transmitting, it does allow for the detection of other transmitters, and
can be used as a collision detection mechanism. A protocol can therefore be based on a
single active transmitter, as any transmitter is able to detect the transmission from another
transmittcr, cven if the data is corrupted, and perform a randomized cxponential back-off
mcchanism, similar to that uscd by Ethernct. In an example, the IWR6843A0P supports a
frequency range of 60 to 64 GHz. In an example frequency spectrum allocation, this band
is divided into two 10 MHz sub-bands from 60 GHz to 60.01 GHz, and from 60.01 GHz
to 60.02 GHz. These sub-bands are further divided into eight, 1.25 MHz channels, and the
radar sweep band operates from 60.02 GHz to 64 GHz. This represents a sweep
bandwidth reduction of 0.5% in comparison to 4 GHz, which reduces the ranging
accuracy by this same small percentage. These bands can be arbitrarily chosen, and a
single 10 MHz sub-band would restrict the radar sweep band by 0.25%. Though the sub-
bands may bc located anywherce in the spectrum, it may be advantagcous to place them at
the boundaries of the entire allowable spectrum, to avoid fragmentation of the sweep
bandwidth. In an example, the IWR6843 AOP supports a minimum chirp slope of 50
kHz/microsecond, and a minimum chirp duration of 12.12 us, representing a nominal
bandwidth of 606 kHz. The 1.25 MHz channel bandwidth is roughly twice the signal
bandwidth, providing margin between channels approximately equal to the signal
bandwidth. Figure 5 depicts this example allocation. The signal spectrum may be located
anywhere within the channel but is shown beginning at the lower range of the channel.
[0041] In an embodiment, the devices use a standard demodulator and sampler,
and as such, non-concurrent sweeps may be used for transmit and receive. This is because
the resulting demodulated I/F has a spectrum shifted such that DC corresponds to the
transmit frequency, received channels lower than the transmit frequency have negative
frequencies and received channels higher than the transmit frequency have positive
frequencies. If the negative frequency and positive frequency signals overlap in frequency
magnitude, they will combine and destroy the data contained in both channels. This is
because a real-valued signal cannot separate positive and negative frequencies, as no
dircctionality to the signal frequency is available. A complex bascband architecture
avoids this problem by using both an in-phasc and quadraturc demodulator, sampling

each resulting I/F signal, and treating one I/F signal as the real component and the other
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I/17 signal as the imaginary component of a complex signal. Unlike a real signal, where
positive and negative frequencies are indistinguishable, a complex frequency allows for
the separation of positive and negative frequencies. This is because a complex positive
frecquency can be represented by a counter-clockwisc rotating complex exponential, or
phasor, and a complcx negative frequency can be represented by a clockwisce rotating
phasor. Because negative and positive frequencies may be separated with a complex
baseband architecture, it allows for concurrent transmit and receive sweeps. Such an
architecture may be supported in devices such as the IWR6843A0P, but for a different
purpose. In typical FMCW systems, if the transmitted chirp is of increasing frequency,
the reflected (delayed) signal frequency will be lower than that transmitted, so will be
located in the lower sideband. If the chirp is of decreasing frequency, the reflected signal
frequency will be higher than that transmitted, so will be located in the upper sideband.
Because FMCW radar chirps gencerally chirp in onc direction at a time (increasing or
decreasing), only one sideband contains information. However, a standard mixer or
demodulator folds both sidebands into the I/F band, so the noise power both in the upper
and lower sidebands combine, decreasing the signal to noise ratio (SNR). Because the
received radar signal exists in only the upper or lower sideband, the demodulated signal
[requency will be only negative or positive, and the accompanying noise will demodulate
to only negative or positive frequencies. With a real signal, positive and negative
frequencies are indistinguishable, so the positive and negative frequency noise combine.
The ability to separate positive and negative frequencies results in up to a 3 dB increase in
SNR, and, for example, the IWR6843 employs a complex baseband architecture for this
purpose of noise reduction. By using complex sampling for both purposes, it allows the
bandwidth above the transmit frequency to be separable from the bandwidth below and
maximizes SNR. The FMCW system may then be used to a transmit a chirp to send data
and concurrently use that signal to demodulate data received from any channel within the
sub-band. Because the transmit signal may be used to directly demodulate the received
signal, any modulation of the transmit signal may also modulate the receive signal. In this
casc, successtul data reception will depend on tracking how the transmit signal was
specifically modulated in order to successfully reccive data. The transmitted signal may

be modulated by phase, frequency, amplitude, or some combination thereof. The result is
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multi-channel full-multiplex communications, provided each device transmits on a unique
channel.

[0042] Using the described communications network, devices are able to
coordinate their scnsing transmission times to minimize interference when performing
scnsing measurcments. Becausce the communications channcl can be frequency scparated
from the sensing band as described above, scans and data communications may operate
concurrently across multiple devices, provided the scan does not sweep through the
communications band. This allows devices to coordinate in real time, so that only one
device performs a scan at any one time. If the full scan bandwidth is desired, including
the communications band, this may be coordinated between devices such that all data
transmissions cease so as to allow for a full scan.

[0043] As this generalized complex sampling-based approach requires averaging
the frequency mcasurcment between cach device, some mechanism is needed for
communicating these measurements between devices or to another system. This may
occur via a separate communications channel, wired or wireless, or may use the FMCW
system itself. One method for communications from one device to the next is to use
amplitude and/or phase modulation of the chirp signals. If phase is used, each device may
then transmit a sequence of phase-modulated chirps within a frame, with one of those
chirps containing a reference phase so that the dilference in the phase between each chirp
and the reference phase indicates the data being sent. The phase may be controlled with
different resolution, to change the amount of data sent with each chirp. These phases are
generally spaced to maximize the distance between different phases, maximizing noise
immunity, and the number of bits transmitted in a chirp is equal to the binary logarithm of
the number of supported phases. Two different phases (bi-phase) supports one bit per
chirp, four phases (quadrature phase) support two bits, eight phases support three bits, etc.
For example, the TWR6843A0P supports 6-bit phase control, or 64 phases, allowing 6
bits per chirp. Because a range measurement may be performed for each chirp and the
data capacity of each chirp is limited, multiple chirps may need to be transmitted to
communicatce a frequency measurcment. This limits the ranging updatce rate to some
fraction of the chirp ratc, so thc communicatcd mcasurcment may be an aggrcgate of the

measurements from multiple chirps, such as by using a moving average.
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[0044] A novel way of communicating this frequency measurement is by changing
the sweep frequency bounds used by the chirp but leaving the frequency slope constant.
This method allows the measured frequency to be communicated within a single chirp,
significantly incrcasing the ranging update ratc. If cach device makes an initial frequency
mcasurcment via complex sampling, and subscquently shifts its transmit frequency sweep
range by this same measured amount and polarity, it will cancel the frequency shift
detected. This is because it changes the demodulation frequency to align in frequency
with the receive frequency, demodulating that frequency to 0 Hz or DC. If the initial
demodulated I/F is a positive frequency, shifting the chirp up by this same frequency will
cause it to demodulate to DC; if the initial demodulated I/F is a negative frequency,
shifting the chirp down by this same frequency will cause it to demodulate to DC.
Further, by shifting (offsetting) a device’s transmit chirp by the previously measured
amount so as to null out its I/F to DC, its oppositc device will sce a change in its reccived
I/F equal to that offset, thus communicating the frequency measurement information to
the opposite device via that frequency change with a single chirp. Each device may
perform this function concurrently, by shifting its chirp by the offset required to null the
difference between the currently-received I/I' frequency and the currently transmitted
olfsel. Without first subtracting the current offset from the received I/F [requency, each
device will continually attempt to null the received I/F (requency, and the system will not
be stable. Accounting for the transmitted offset allows each device to measure a residual
(non-null) I/F frequency, which represents the measurement being communicated by the
other device. Each device may then average this measurement with its currently
transmitted offset to determine the range between the twa devices.

[0045] If each device has an independent chirp starting frequency and chirp timing
and adjusts its starting frequency with an offset to communicate information, the math
describing this technique may be generalized. The start frequency fg, and fgy,, are the
starting frequencies of device A and B, respectively. The chirp slope, ay, is the linear
increase in (requency per unit time (or each device’s chirp, typically measured in
MHz/us. f, is device A’s starting frequency offset, f3, is device B’s starting frequency
offset, ts is the lagging time shift of device B’s chirp relative to device A’s chirp, t, is the

signal propagation dclay between device A and device B, and K is an additional
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frequency adjustment used by both devices to avoid demodulating the receive signal to 0
Hz (DC), which is not supported by some I/F signal chains designed with a high-pass
corner frequency (A/C coupled). If this adjustment is larger than this corner frequency, an

I/F signal will be received.

[0046] Device A’s transmit frequency may be represented as:

[0047] Jrxa = @4t + fsa + fa + K

[0048] Device B’s transmit frequency may be represented as:

[0049] frov = ap(E—t) + fop + fo + K

[0050] frap = agt — asts + fop + fp + K

[0051] Device A’s receive frequency is device BB’s transmit frequency delayed by
ty:

[0052] frxa = frap(t —tq)

[0053] Jrxa = ap(t —tg) —agts + fop + f, + K

[0054] frxa = art —agtq — agts + fsp + fo + K

[0055] Device B’s receive frequency is device A’s transmit frequency delayed by
ty:

[0056] frxb = frxa(t — ta)

[0057] Jrxep = ap(t —tg) + foa + fo + K

[0058] freb = st —apty + foqu + fu + K

[0059] Device A’s intermediate frequency is its receive frequency minus its

transmit frequency:

[0060] fira = frRea = fTxa

[0061] fira = st —apty —apts + fop + fp + K —apt — fou — fu — K
[0062] fira = fsb = fsa + fo — fu — apts —asty

[0063] Device B’s intermediate frequency is its receive frequency minus its

transmit frequency:

[0064] firp = frxp — frap
[0065] fIFb = aft - aftd +fsa + fa + K—aft + afts _fsb - fb - K

[0066] fIFb =fs‘a_fsb+fa_fb+afts_aftd
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[0067] The difference between device B’s I/I' and device A’s VI (f;rp — firq) due
to the difference in the devices’ start frequencies (fy, — fsp) and/or chirp start times
(arts) may be defined as follows:

[0068] fs = arts + fsa — fob

[0069] The decrease in each device’s I/F frequency due to the propagation delay of

the received signal may be defined as follows:

[0070] fa = asty

[0071] Using f; and f;, we can simplily f;z, and fizp.

[0072] fira = fso = fsa + fo — fa — arts — asty

[0073] fira = fo — fa — arts + fsp — fsa — arta

[0074] fira =~fat+fo—fs— fa

[0075] firo = fsa = fsp + fa — fo + arts — asty

[0076] fiep = fa — fo + Qpts + foa — fop — Aty

[0077] firp = fa—fo+fs— fa

[0078] f1Fay, @nd fipp,, can be defined as the I/Fs seen by devices A and B when

both device A and device B use a starting frequency offset of zero:

[0079] fa=0

[0080] =0

[0081] firag, = —fs — fa

[0082] firboo = fs — fa

[0083] fiFa,, and figp,, can be defined as the I/Fs seen by devices A and B when

device A uses fipq,, — K as its offsct and device B uses fipp,, — K as its offsct, where K

is an additional offset used to avoid demodulation below the high-pass cut-off:

[0084] fo = firug, — K
[0085] fo = firboo — K
[0086] fIFa11 = f:s - fd

[0087] firpy, = —fs — fa

CA 03205160 2023-7-13
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fiFa,, and fipp,,can be defined as the I/Fs seen when device A uses an

offset equal to fipq,, — K and device B uses an offset of zero:

[0089]
[0090]
[0091]

[0092]
[0093]

fo=~fi~fa—K
fb=0

fIFam =K

fIFb01 =-2f; — K

fiFay, and fipp, ,can be defined as the I/Fs seen when device A uses an

offset equal to zero, and device B uses an offset equal to fipp,, — K:

[0094]
[0095]
[0096]

[0097]
[0098]

fo=0
fo=f—fa—K
fiFag, = —2fa — K
fIFb10=K

It may be observed that each device may combine its complementary I/F

frequencies (switching 1s to Os and vice versa) in different ways to determine f; and fy:

[0099]

[00100]
[00101]
[00102]
[00103]
[00104]

[00105]
[00106]

[00107]
[00108]
[00109]
[00110]
[00111]
[00112]
[00113]

firage + fiFa,, = —2fa
fIFaoo - fIFa11 = —2f;
firagy, T fiFa,, = —2fa
firbee T+ f1Fp, = —2fa
fIFbOO - fIFb11 =2f

= —2fq

The combination of the non-complementary pairs may also be determined:

firbgy T fiFbeg

fIFaOO + fIFa01 =

~fs = 3fa = K

firay, T fiFra, = —fat K
firage + fiFas, = —fs — fa + K
firay, t firag, = fs —3fa — K
firbee T f1Pbgy = fs —3fa — K
firby, T Jirpyy = —fs —fa + K
firvge T firpy = fs — fa + K
firby, T fikpg, = —fs —3fa — K
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[00114] It may be observed that complementary pairs of the non-complementary
sums may also be used to determine f; and f,4, as each I/I' has a complementary match in
the equations above. Further, once f; has been determined it stays constant other than
some small shift due to relative clock drift between device A and device B. Additionally,
fs may bc adjusted to maximize the detectable f; range. The non-offsct received I/F is
equal to —f; — f4 for device A and f; — f; for device B. Because f; moves away from
DC in the negative spectrum and toward DC in the positive spectrum, the aptimal value
of f; is the average of the high-pass and low-pass cut-off frequencies of the I/F signal
chain (f;, and f;, respectively). For example, if the low-pass cut-off is 10 MHz and the
high-pass cut-off 375 kHz, the optimal Fs is 5.1875 MHz. One device may adjust its chirp
timing or starting frequency to achieve this, or both devices may make a portion of the
desired timing and/or frequency change. Figure 6 illustrates the location of these
frequencies on a frequency spectrum plot. Device A’s signals are located in the negative
region of the spectrum and device B’s are in the positive region, and f; is centered
between f; and f; in both the negative and positive regions. The received frequencies are
represented by f;, — f, [or device A and f; — fp, for device B, and are both shifted o the
lelt by fa.

[00115] For both device A and device B, it may be observed that the average of
different combinations of each device’s I/F complementary pairs is —f5. By utilizing this
property and the property that the average of all combinations of each device’s unique
I/Fs is also —f4, the offsets may be used to communicate data as well as to determine the
range. Instead of transmitling only alternating frequency offsets, the offsets data may be
used o transmit information. If the offsets are arranged as a DC-balanced sequence such
as Manchester encoding, 8B/10B encoding, or 64B/66B encoding, the average ol the
frequencies measured for each device may be converted to a range measurement. This
provides for a robust, frequency modulated communications link, providing both data and
ranging information. The devices may choose to transmit alternating offsets as an idle
state providing ranging information. 'Then if a device wishes to transmit data, it sends a
different pattern of offsets, which are detected by the other device’s receiver. If the two
devices attempt to transmit data concurrently, it can be detected by monitoring the

received data while transmitting.
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[00116] If the frequency offset control signal follows a pattern such as Manchester
encoding, then each device transmits frequencies in complementary pairs (complementary
offsets) for each transmitted bit. Because the I/F frequency received by each device is the
received frequency minus the transmitted frequency, the received I/F frequencics
corresponding to the two frequencics that comprisc cach bit arc also complementary
pairs, provided that both sides are synchronized and transition in concert. Because f; and
fa may bc dctermined through the addition and subtraction of complcmentary I/F pairs,
and the frequency offsct transmitted by cach device is known to itsclf, the two different
cxpected V1Y frequencics corresponding to the two possible frequency offscts transmitted
by the other device may be determined, and the expected frequency to which the
measured frequency is closer indicates the frequency offset transmitted by the other
device.

[00117] In an example, devices A and B may determine the frequency offset

transmitted by the other device as follows:

[00118] fz» as determined by device B:

[00119] Ja=firo T fo —fs t fa

[00120] fb, as determined by device A:

[00121] fo =firatfat fstfa

[00122] Becausce the range represents the physical distance between device A and

device B, it may change relatively slowly with respect to the chirp repeat rate. This
behavior may be utilized to further increase the channel bandwidth. If both £, and f; arc
determined at the beginning, end, or some other location in a frame through onc of the
previously described techniques, the remaining chirps in the frame may be transmitted
with a varicty of frequency offscts, provided fs docs not change (duc to clock drift, ctc.)

by morc than the detection resolution of the frequency. If device A and B wish to transmit

concurrently, then each is able to vary its starting frequency offset by L hz_f L— f,. These

shifts may be entirely in one direction from the starting direction or a combination of both
directions, provided the magnitude and direction of allowable shifts is coordinated
between devices. For instance, if f;, is constrained to shifts in one direction

(positive/negative) and utilizes the entire range, f;, is constrained to the same direction
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(positive/negative) and range. If f, is constrained to half the range in each direction, f3,
will have the same constraints. Tf transmissions are not concurrent, then the available
frequency range is doubled to f, — f;, as device A and B’s frequency offsets are not
combined. By utilizing the available frequencies for data transmission, the capacity of the
bandwidth is increased by a factor of the binary logarithm of the number of available and
detectable frequencies. I'or instance, if f; is optimally positioned at 5.1875 MHz, the
midpoint between 375 kHz and 10 MHz, and the detectable frequency resolution is 2.5
kHz, corresponding to a chirp width of 400 microseconds, there are 1925 frequency
offsets available for transmission when using concurrent transmissions (3850 when using
non-concurrent transmissions), assuming f, is zero. 10 bits requires 1024 distinct
frequencies, leaving 901 as margin for f;. A chirp slope of 10 MHz/microsecond
translates to an f,; of approximately 10 kHz/foot of separation, assuming the signal travels
at the speed of light. Each frequency bin is roughly 3 inches (75 mm), leaving
approximately 225 feet of available propagation delay. This method may be combined
with phase and amplitude modulation, further increasing the channel capacity.

[00123] In an embodiment, the distance between the two devices is determined by
the phase delay of the carrier between the two devices. This may be determined by
transmitting a signal from onc dcvice, demodulating it with the other device and
mecasuring the phasc of the I/F signal, repeating this proccss in the other dircction, then
determining the difference between the two measured phases. This provides a maximum
range measurement equal to the carrier wavelength before it repeats. In the millimeter
wavelength range, this range is therefore limited to millimeters which is often much
shorter than the distances between the machines to which the devices are attached.
However, this ambiguity may be resolved by repeating this process for two or more
different frequency ranges, and using the frequency and phase data to determine the
position, with the accuracy increasing as more frequency ranges are utilized.

[00124] Because the frequency offset method of communication may work in
addition to any communication resulting {rom modulating the phase or amplitude, both
techniques may be used in concert. Further, because the signal-to-noise ratio (SNR)

determines the capacity of the channel when using phase and amplitude modulation and



CA 03205160 2023-7-13

WO 2022/165593 PCT/CA2022/050151
28

the SNR decreases with distance, the ranging measurements may be used to determine
what the capacity of the channel is for phase and/or amplitude modulated data.

[00125] Because the range measurements are based on frequency measurements,
the rangce resolution is limited by the frequency mceasurement resolution, which is defined
by the FF1 bin size. Unless a frequency is in the exact center of an FE'T bin, there will be
mismatch in how much of that signal is detected in adjacent bins. As this frequency shifts,
it changes the relative weighting in the frequency bins. For example, if a frequency is at
the midpoint between bins, it will be detected equally in both bins, and this ratio shifts as
the frequency shifts. By utilizing this property, a small relative shift in frequency between
device A and device B may be introduced, and the impact on the detected spectrum may
be measured. By sweeping through many small changes and measuring the spectrum for
each change, the detectable frequency resolution may be increased to the size of the
frequency step. One method of processing the spectrum is to track the valuc of the
frequency bin containing the maximum and track each adjacent frequency bin over a
number of frequency offset changes. If the frequency is stepped from half a bin width
lower to half a bin width higher in frequency, the frequency adjustment where the
magnitude of the center bin divided by the sum of the magnitudes of the adjacent bins is
maximized represents the [requency offset that optimally aligns the signal within the bin.
This offset may then be subtracted rom the (requency corresponding (o the maximum bin
with no offset, adding precision to the measurement equal to the frequency step amount.
For example, the IWR6843 supports a start frequency resolution of 40.233 Hz. If a chirp
slope of 10 MHz/microsecond is used, this frequency shift represents a time shift
resolution of 4 picoseconds, which represents 1.2 mm of distance. The method of finding
the optimum frequency offset could be a simple linear search, using repeated searches of
increasing granularity, a binary search, or some other search algorithm. If the relative
magnitudes of the adjacent bins are considered, then the direction of the search is known.
This is because the adjacent bin with the lower magnitude represents the direction in
which the frequency needs to shift in order to be centered in the bin. If the search begins
by stepping a half bin of frequency in the direction indicated by the bin neighbors,
followed by succcssive divisions of the frcquency step by two in the required dircction,

the maximum will be rapidly found. A similar technique may also be used by slightly
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adjusting the frequency slope in the single-device case. Because the demodulated VI
frequency is proportional to the frequency slope, small changes in the slope will result in
small changes in the I/F frequency. As this is effectively a change in gain, it results in
gcomctric steps through the frequency bins, instcad of lincar steps as is the casc with the
dual-device casc. Alternatively, interpolation techniques may be uscd to cstimate the
frequency rather than adjusting the signal to be located directly in the center of bin. This
may involve linear interpolation between the center bin and its neighbors to derive an
estimate, zero-padding the FFT to increases the frequency resolution (up-sample) through
interpolation, or using a chirp Z-transform to also increases the frequency resolution in
the frequency band of interest through interpolation.

[00126] Further precision yet may be yielded from measuring the phase. If each
device transmits its signal using a known phase, the phase received at each end relative to
the known transmit phasc can bc uscd to represent a finer precision shift from an intcger
number of signal wavelengths. If the sweep starts at 60 GHz, this corresponds to a
wavelength of 5 mm, so the signal’s phase as a fraction of 2 pi radians represents the
fraction of a 5 mm measurement window. However, because the phase repeats every 2 Pi
radians, it is unable to indicate how many cycles of delay there are. However, because a
measurement more precise than the 3 mm wavelength is available via the (requency
stepping technique, the number of complete 5 mm wavelengths is known, and the phase
measurement represents an incremental distance to be added to the distance represented
by the number of complete wavelengths. For a 12-bit measurement of the phase, this
represents a resolution of roughly 1.2 micrometers. It may be necessary to compensate for
transmit and receive propagation delays through the electronics signal chain, as this will
result in a phase shift. This may be supported through in-factory or in-field calibration.
[00127] In an embodiment, the relative orientation of the devices may be
determined by multiplexing between multiple transmit antennas. If the active transmit
antenna and the relative separation between transmitting antennas is known to the
receiving device, the orientation of the transmit antennas with respect to the receiver’s
antcnna can be determined, by measuring the phasc shift between the signal received
from onc transmit antcnna to the next. If two transmit antennas arc uscd, and the reeciver

is exactly aligned with the midpoint between the two antennas, then no phase shift will be
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seen as the distance to each antenna is the same. If the receiver is positioned to one side,
say the left side, then a phase shift will be seen as the receiver is closer to the antenna
positioned to on the left than the one on the right. Measuring this phase shift allows the
anglc between the vector corresponding to the signal direction and the antenna positions
to bec known. This tecchnique can be performed in two dimensions, such as by using an
array of three antennas arranged in an L. configuration in a common plane. Both angle of
arrival detection and transmit antenna multiplexing can be used to determine orientation
of the antennas and the plane containing these antennas relative to the vector connecting
the two devices.

[00128] Once the direction of the receiving device is known by the transmitting
device by transmitting this information via a communication channel, the transmitting
device may then elect to direct the beam at the receiving device using phased array
techniques to maximizce signal strength and minimize transmission to other devices. The
FMCW devices may then exchange further data, such as the physical shape of the object
to which the FMCW devices is attached, and the location and orientation of the FMCW
device relative to the object. The result is a robust and accurate positioning technology,
able to detect the range, direction, orientation, and speed of remote complex objects while
operating in harsh environments such as rain, fog, snow, wind, or dust where, for
example, visibility may be impaired.

[00129] Communications may also be secured through the use of encryption, such
as public key cryptography. Each transmitter may choose to digitally sign its
transmissions, so that the receiver can independently verify the identity of the
transmitting device by validating the signature with a known public key. This may be
implemented through the use of public key cryptography, where each device generates or
is furnished with a pair of keys including a public key, which may be known to others and
a private key which is not. A message digest generated from a hash of a message to be
transmitted may be encrypted using a device’s private key, and this encrypted hash (the
signature) may be transmitted along with the public key and the accompanying data. A
receiving device may verify the authorship of a message by computing a digest of the
received message using the same method as the transmitter, then decrypting the received

signature using the transmitting device’s public key and then comparing the computed
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digest with the decrypted signature. If the two match, the receiving device can confirm
that the message was signed by the private key paired with the public key. If a public key
is known to be associated with a device, meaning it has exclusive access to the associated
privatc kcy, a receiving device can confirm whether a reccived message originated from
that device. This capability combined with the discloscd signal locating capabilitics
produces a system which not only detects the locations of abjects in space and can learn
of their identity but can also independently verify that identity. Public key cryptography
may be further used to securely exchange encryption keys so that communications may
be impervious to eavesdropping.

[00130] In an embodiment, a pair of devices may be configured to distinguish or
otherwise identify that they are communicating with one another and not a third device
based on the identity verification techniques described above. By combining this with the
previously described device ranging and dircction techniques, both the relative positions
and identities of the devices may be confirmed. The systems and methods described
herein allow for a device to facilitate selective communication where the device can
discriminate between multiple other devices that are in the same environment or sensing
area. In an example, a combine may be located with two grain carts nearby, one side by
side and ready (o receive a transfer and another trailing closely behind ready o get the
next load (rom the combine. In this scenario where the combine is communicating
transfer data with the grain cart, it can be assured that the combine is communicating with
the correct one based on the location information in concert with the devices identifying
themselves using the techniques described herein. The combine may establish
communications with each grain cart using the described chirp phase-alignment methods,
where it exchanges relative direction and distance data, as well as identification data. By
using the direction data, it can determine which grain cart is best aligned physically to
receive the transfer, and the identity of the cart may then be confirmed and associated
with the grain transfer. It may optionally use ranging information to exclude those carts
too distant to accept the transfer. Similarly, when there are multiple combines operating
sidc by sidc with grain carts alongside cach combing, ctc. cach combine can cnsure it is

communicating with the correct grain cart.
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[00131] Lach I'MCW device may be packaged as a discrete sensor connected to
power and data communications with one or more cables, such as controller area network
(CAN), so that it can be easily located and oriented for optimum performance. Multiple
scnsor devices may then conncct to a single computing module, for data capturc and
analysis, machinc control, and data backhaul such as via Wi-Fi, Ethernet, ccllular,
satellite or point-to-point wireless.

[00132] Embodiments thus provide a system or method for, using standard or
customized FMCW hardware installed on multiple mobile or stationary objects and
configured as described herein, providing secure/reliable determination of signal origin
from a select one of a plurality of geographically mobile machines, equipment, devices,
or systems and subsequent selective establishment/facilitation of direct communication
therewith. Embodiments include locating two FMCW systems such that they are in each
other’s sensing ficld of view and arc then able to reccive onc another’s transmitted
signals. A direction vector to the source of the opposite’s transmitted signal may be
determined using an array of two or more receive antennas by calculating the angle of
arrival in either the azimuth or elevation planes, or both, wherein the antennas may be
arranged in a grid with ¥2 wavelength center-to-center separation. Cach receiving IMCW
device may determine the distance (o its opposite using FMCW ranging techniques,
resulting in the location (distance and direction) Lo the opposite FMCW (ransmitling
system, relative to the receiving device, and sharing this information between the devices
such that the relative direction and distance to, and orientation of, each device’s opposite
is then known to both. The transmit signals may be to send data, rather than simply
performing scans, by using different chirp signals, defined by a number of characteristics,
such as chirp rate, frequency range, ramp rate, amplitude and phase to send different
symbols or other information-carrying signals, where those symbols/signals represent
different pieces of data/information and wherein a chirp signal may be used to send one
or more bits, or other types of data such as the identity of the object transmitting the
signal, the receiving FMCW device can then detect these various chirp signals to receive
and dccodc the transmitted data.

100133] Embodiments provide a mcthod for providing communications using

frequency-modulated continuous-wave radar between two devices that are in each other’s
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sensing field of view and are able to receive one another’s transmitted signals, the method
comprising: determining, by a first device using frequency-modulated continuous-wave
radar, a direction vector to a source of a second device’s transmitted signal using an array
of two or morc reeeive antennas by calculating an angle of arrival; determining, by the
first device, a distance to the sccond device bascd on the transmitted signal; sctting up a
communications channel between the first device and second device, the communications
channel using different chirp signals that are defined by a number of characteristics
comprising one or more of a chirp rate, a frequency range, ramp rate, phase or amplitude;
and communicating, by the first device, at least the determined direction vector and
distance to the second device.

[00134] In an embodiment, the two or more receive antennas are arranged in a grid
with V2 wavelength center-to-center separation. In an embodiment, determining the
distancc compriscs: aligning, by the first device, a transmit frequency ramp signal for the
first device with a received ramp signal from a second device to measure and
communicate a ramp phase to the second device that is configured to subtract the phase as
an offset from its own phase measurement. In an embodiment, determining the distance
comprises: adjusting ramp signals of each transmit phase of the first device to align a start
of the first device’s chirp transmission Lo a start of a chirp the [irst device received. In an
embodiment, the first device comprises at least one transmit antenna, the array of two or
more receive antennas, and a processing unit. In an embodiment, setting up the
communications channel comprises using phase modulation of the different chirp signals,
wherein each device may transmit a sequence of phase-modulated chirps within a frame,
with one phase-modulated chirp of the sequence of phase-modulated chirps containing a
reference phase so that the difference in a phase between each chirp and the reference
phase indicates data being sent. In an embodiment, a phase may be controlled with
different resolution to change an amount of data sent with each chirp. In an embodiment,
the method further includes receiving, by the first device, the second device, or the first
device and second device a respective transmitted signal from a third device. The first
device and sccond device arc able to identify that they arc communicating with onc
another and not the third device bascd on the communicating and/or a cryptographic

signature. In an embodiment, the method further includes using the communications
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channel by one of the first and second devices to communicate data from the one of the
first and second devices to the other of the first and second devices, the data comprising
least one of identifying information, operating parameters, sensor readings, or
cnvironmental data.

[00135] Embodiments provide a system for providing communications using
frequency-modulated continuous-wave radar. The system includes two devices that are in
each other’s sensing field of view and are able to receive one another’s transmitted
signals. The two devices are configured to communicate at least one of operating
parameters, sensor readings, or environmental data therebetween using different chirp
signals from the frequency-modulated continuous-wave radar, wherein the different chirp
signals are defined by a number of characteristics comprising one or more of a chirp rate,
a frequency range, or a ramp rate. In an embodiment, the two devices are further
configurcd to determinc a dircction vector to a source of another device’s transmitted
signal using an array of two or more receive antennas. In an embodiment, the two devices
are further configured to determine a distance to its opposite using the frequency-
modulated continuous-wave radar. In an embodiment, each device of the two devices
comprises at least one radar module in communication with a processing unit. In an
embodiment, at least one of the two devices is coupled with a combine hopper, auger,
grain cart, seed tender, grain truck, grain bin, or gravel truck. In an embodiment, the two
devices are configured to communicate with the different chirp signals using binary phase
modulation. In an embodiment, the system further includes an additional device that is in
a sensing field of view of at least one of the two devices. The two devices are able to
identify that the two devices are communicating with one another and not the additional
device based on the communicating. In an embodiment, the two devices are configured to
communicate with one another by having each device of the two devices transmit a
sequence of phase-modulated chirps within a frame, with one the phase-modulated chirps
containing a reference phase so that a difference in a phase between each chirp and the
reference phase indicates the data being sent.

[00136] Embodiments further provide a method for communicating using
frcquency-modulated continuous-wave radar, the method comprising: detecrmining a

distance from a first device to a second device using frequency-modulated continuous-
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directional vector between the first device and second device using frequency-modulated
continuous-wave radar transmitted from the first device and the second device; and
communicating data between the first device and sccond device using chirp signals
transmitted from the first device and the sccond device. In an embodiment, the chirp
signals are defined by a number of characteristics comprising one or more of a chirp rate,
a frequency range, or a ramp rate. In an embodiment, the two devices are able to identify
that they are communicating with one another and not an additional device based on the
communicating, such as based on characteristics of the chirp signals, and or based on
content included within the communications, such as encrypted identification data, and/or
for example, a cryptographic signature.

[00137] When the system or method is employed on a vehicle, such as a piece of
mobile agricultural or construction machincery, it can be uscd to monitor and/or control
the movement of the vehicle. Farm tractors are often equipped with automatic steering,
and speed may also be controlled. One such application is for monitoring or controlling
material transfers, e.g., the unloading of a combine harvester into a grain cart. This
requires that both machines travel beside one another, introducing the risk of a collision.
By utilizing this FMCW system on each machine, and having these systems face one
another, the relative positions of each machine can be accurately measured and
coordinated and used to send an alert when the machines get too close together, too far
apart, too far ahead or too far behind, or even to allow for autonomous operation. Because
the relative orientations of machines involved in material transfers follow standard
operational practices (grain carts run parallel with combines and trucks while loading and
unloading respectively, etc.), and such geometries can be determined by this system, in
one embodiment using solely this positional and orientation information, the identities of
the machines involved in a particular material transfer event can be reliably determined
and tracked by having each device detect the positional and orientation information of the
other machine within the same window of time. In another embodiment, the two devices
may communicatce data dircctly to identify cach other and ¢xchange information, as
described abovce. If onc or more of the machinges is cquipped with a scalc or other volumc

measurement technology, the amount of material transferred and other information such
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as time, date, location, etc. may be exchanged and/or associated with the transfer event as
well as the identities of the specific machines involved, as described elsewhere herein.
[00138] Because the system is also able to detect passive objects in the
cnvironment, collisions with objccts such as power polcs, trees, people, animals, or
vchicles can be avoided. These accidents can causc scrious injury, and result in cxpensive
machine repair and downtime. Because accidents such as these are more likely at night
due to limited visibility, this system is advantageous as it is able to operate independent
of ambient lighting. Further, the system can detect low and/or wet spots in the terrain
more accurately than can a human operator to serve as a warning system. Height
variability is detected using ranging techniques, while moisture variability is detected
through monitoring changes in the reflected amplitude corresponding to the region of the
low spot.

[00139] The systcm or method may also be installed on the sides of a truck, such
that the specific truck involved in a transfer can be identified and allows for alerting the
truck operator when travelling close to obstacles. This simplifies the process of backing
up a truck, which can be a challenge with a long trailer. Further, when backing up the
truck to an auger with the described system, the position between the two can be
accurately measured, greatly simplifying the maneuver. Also, by installing these devices
both on an auger and a grain bin roof, it may be used (o aid in the alignment of the auger
spout with the bin opening. This can be a challenge for inexperienced drivers, especially
with tall bins and long augers.

[00140] The system may also be installed on a swing-away auger, in order to
automate the positioning of the swing hopper under the grain trailer. By using the system
on the side of the trailer as well as on the main auger tube and mobile swing tube, this
process can be fully automated, as the positions of all these components are accurately
known relative to one another. Because the tube goes underneath the truck, this process
requires careful coordination between the truck and the swing tube to avoid collisions and
is currently manually controlled either via a wireless remote system or manually moving
the swing tube. By coupling the system or devices with processing and motor drives on
the swing tube, the proccess can be cither fully or scmi-automated. If the height of the

grain in the swing-away hopper is measured using a FMCW device and automated
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control over the grain trailer’s discharge gate is supported, the hopper grain level may be
regulated in order to maximize the capacity of the auger. Further, this actuation prevents
the auger hopper from overflowing if the auger is stopped unexpectedly.

[00141] In addition to, or in licu of using position and oricntation data, thc usc of
thc FMCW technology for communications, implemented in accordance with the
disclosed embodiments as described herein, may also be used in other embodiments to
automatically establish a communications channel between the operators of the machines,
via audio, text, video, etc., when the machines are positioned for a transfer event. This
allows the operators to communicate in a hands-free fashion during the transfer events,
rather than needing to press a button on a traditional two-way radio. Then when the
machines separate again, the communication link can be terminated. I'he operator
interface may be via a tablet or dedicated terminal, in communication with the FMCW
systcm.

[00142] In addition to, or in licu of, using position and orientation data, the use of
the FMCW technology for communications, implemented as described herein may also
be used in other embodiments to automatically establish a communications channel
between the machines to allow them to automatically identify one another and/or
exchange information, e.g., data, operaling paramelers, sensor readings, environmental
data, etc., therebetween, such as, speed, heading, distance between the machines,
remaining fuel, obstacles ahead, initiation/cessation of transfer events,
available/remaining material storage capacity, status of autonomous operation,
operational capabilities, etc.

[00143] A further application of the FMCW system, implemented as describe
herein, is to measure the height, shape, and/or volume of grain or other granular material
such as gravel stored in a hopper, vessel, pile, bin, or trailer, such as wauld be found in a
combine hopper, grain cart, seed tender, grain truck, grain bin, gravel truck, gravel pile,
etc. The system could also measure the level of liquid in a tank, such as a sprayer’s water
tank. If the antenna array is directed downward toward the grain, liquid, or other material,
the ranging capability of thc FMCW can scrve as a rcal-time measurcment of the volume
of matcrial in the containcr, which may bc rcported via a communications network.

Changes in this volume may be used to determine that a transfer is occurring, which may
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indicate the normal flow of material in the operation or may indicate theft of material.
The increase in volume as a function of time indicates that material is transferring into the
containcr and may also bc uscd to cstimate yicld in the casc of a combinc harvester. A
dccreasc in volume as a function of time may also be uscd to indicate that matcrial is
transferring from the container. In the case of a grain bin, the sensor may be mounted on
the underside of the roof, typically near an access panel to simplify installation. To
measure the height of the grain in the bin, the transmit signal should ideally be directed
downward. By embedding an accelerometer with the device, the beam can be steered by
the angle measured based on the accelerometer readings, resulting in a downward-
directed beam. The range from the measurement will have readings over a band of
frequencies, based on the variability in the height of the pile. Because the grain is in the
shape of a cylinder with a cone on top when filling, the effective height for a cylinder of
the samc volumc as the conc can be calculated by mcasuring the distance to the pecak of
the cone from its base and dividing it by three. This is because the volume of a cone is 1/3
the volume of a cylinder of the same height for a given base diameter. This effective
height can then be added to the height of the base of the cone from the bottom of the bin
to derive an overall height representing the fill level and can be multiplied by the bin’s
cross-sectional area o derive a volume. Because the grain pile is in the shape of an
inverted cone when emplying, the process is equivalent except the effective height of the
cone is subtracted rather than added. This same method can be used for measuring the
volume of grain in other containers, such as combine hoppers or grain cart tanks, though
the shape of the container is more irregular than a round grain bin. If the grain bin is
resting on a hopper cone, the volume of the cone can be modelled. The level of the bin
can be measured both through frequency measurement and phase, as the phase will
slowly advance as the grain pile becomes higher. This allows for an accurate estimate of
bin load splits, which occurs when a truck load is split between two bins and the total
weight is known. By measuring the increase in volume of each bin from the load, the
weight may be accurately apportioned. If another FMCW device is used to detect whether
grain is flowing from the grain trailer that is loading the bin, gencrally by mounting it on
thc auger or auger’s swing tube and dirccting the transmit signal toward the strcam of

grain between the trailer’s discharge chute and the auger’s hopper, the specific truck and
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bin involvced in the transter may be detected by matching the flow detected from the truck
and the bin. Another approach would be to mount the radar on the trailer facing the grain
in the box, watch for a decrease in volume, and correlate this with the rise in volume in
the bin. An unloading machine/device may exchange data (using the FMCW
implementation or other) with a receiving/loading device to confirm the transfer and the
amount thereof. The receiving/loading device may let the unloading device know when it
is full or nearing full, etc. so that the transfer may be stopped, avoiding grain spillage or
machine damage.

[00144] A further application of the FMCW system implemented as describe
herein, is for use on a sprayer, both 1o measure the height of the boom height above the
ground and for measuring the height of the crop canopy, by positioning the FMCW
system above the crop canopy and directing it downward, measuring the distance of the
reflection from the top of the crop canopy and the distance of the reflection from the
ground. This may be used with automation systems to actively control the sprayer boom
height to accommodate driving over uneven terrain and delivering consistent spray
coverage. The canopy height data may be additionally collected as a measure of plant
hcalth. T'hc canopy hcight may also bc mcasurcd on a combinc harvcester, as a rcal-time
approximation for crop yield, as crop height may be correlated with yield for a given crop
within a field. This crop height data may be combined with location information, such as
GPS, to create a map similar to a yield map. Because crop height is generally correlated
with yield for many crop types, the ratio between yield and crop height may be
determined for each harvester within the same harvested field, provided the FMCW
system is used in conjunction with a yield monitor. A common problem is the consistent
calibration of yield monitors between multiple combines, as any mismatch creates
striping in the resulting yield map. Because the ratio between crop height and yield
should be generally matched between combines harvesting in the same field, the yield
data [rom each machine may be scaled such that the yield to height ratio is matched
between machines, removing the striping. The resulting data can then be post calibrated
by knowing the total weight of grain from the field, such as from a grain cart scale. The
cart readings may be used on a load-by-load basis to determine the relationship between

canopy height and yield. I'urther, another sensor may be oriented to measure the canopy
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height of the adjacent, unharvested field pass, typically in the direction opposite to the
combine’s unload auger. This sensor may be installed on this same side of the combine
hcad or hcadcr, clevated such that it has an overhcad view perpendicular to the dircction
of travel, combined with the overhead view in the dircction of travel. 'This may be usced to
predict the yield in the adjacent pass to assist in predicting when and where the combine’s
hopper will be full. The height may be measured by measuring the height from above, or
from the side. If measured from the side, an optical camera may be used to detect the
height, by knowing the correct geometries, such as the distance to the crop and the angle
of the camera relative to the crop.

[00145] The technique is also useful in forage harvesting applications to track
movement of forage from harvester to truck, and in estimating the fill level or percentage
of a truck or trailer. The device may either be installed on the truck or on the harvester
looking into the trailer for the purposcs of cstimating the fill amount.

[00146] The FMCW system, implemented as describe herein, is also useful for
feeding livestock from a feed mixer or wagon. These machines are designed to mix
multiple ingredients together in specific proportions to create a feed ration optimized for
the animals. The various ingredients are generally scooped up using a front-end loader or
payloader and unloaded into the (eed mixer in the required amount as monitored by a
weighing system, which is typically vehicle mounted. This process is operator-controlled,
and incorrect ingredients may be selected or the correct ingredients selected but loaded in
the incorrect order. By placing a FMCW device in the locations where ingredients are
stored and on the payloader, the system may detect which ingredient is being loaded and
an alert may be presented if the incorrect one is selected. By placing one or more devices
on the feed mixer, the system may identify whether the correct feed mixer is being
loaded. After mixing, the feed mixer delivers feed to various pens. By placing these
devices at each pen, the system may detect the identity of the pen that is being fed. This
allows for a fully automated record keeping system, where the identities of the ingredients
that arc loaded and the pens that arc fed arc recorded, as well as the specific order in
which thosc ingredicnts and pens arc processed. Combined with an on-board weighing
systcm, thec amounts loaded and fed can be capturcd as wcell for a complcte rccord of the

entire process. Beyond the identities of ingredients and pens, the FMCW system can
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assist in the unloading process to ensure an even distribution of feed along each pen.
FMCW devices can be placed on the front or rear of a feed truck or the combination of
tractor and feed wagon as well as on the side of a post or other vertical surface at one end
of the pen, aimed down the frontage of a pen where the feed vehicle will travel. The
FMCW system’s mcasurcment capability (range and dircction) allows the vehicle to
determine its location along the length of the pen so that it can regulate the unload rate to
ensure even distribution of feed along the whole length of the pen regardless of driving
speed.

[00147] The FMCW system, implemented as describe herein, is also useful for
backing up a truck to a loading dock. By placing a FMCW system, implemented as
describe herein, near the loading dock, for example above the dock’s door, and another
one on the rear of the truck or truck trailer, the system may assist with both alignment
between the truck/railer and dock, and with communication between the two, allowing
the operator to back up to the correct location without risk of collision. Additionally,
automatic steering and drive features may be integrated to fully automate the back-up
process. This would be similar to the park-assist features on consumer vehicles, with the
difference being that precise angular and distance measurement may be made and shared
between devices so that each device can determine the relative orientation of the other
device, and the identity of the location to which the device is backing up is known. This
could be used for validation that the correct dock for loading or unloading has been
selected.

[00148] The technique is also useful for detecting of grain flowing from a spout,
through a chute, or into a hopper by detecting the presence of grain, and optionally the
speed of the flowing grain. A single device may be used to detect multiple chutes by
using angle of arrival measurements, or by beam steering to find the angle corresponding
to the largest signal corresponding to the moving grain. This angle can then be used to
identify the chute. Alternatively, a device may be placed immediately facing the grain
path for each chute, and a distance measurement (ranging) operation can be used to detect
the flow. If the spouts arc closc cnough to causc crosstalk, where a device detects the flow
of multiplc spouts, the corrcct onc may be choscn by sclecting the onc with the largest

signal. These chutes may be located on seed tenders, gravity wagons, grain trailers, etc.
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[00149] The technique is also useful for shaft monitoring, e.g., drive or power take-
oft (PTO) shaft. By placing a reflector on the shaft, the intensity of the reflected signal
will be modulated by the reflector. The frequency modulation rate for a single reflector is
dctermined by the speed of the shaft. Another method not requiring a reflector is using
phasc mcasurcments to mcasure the speed of the shaft, provided the device is oriented
such that some of the apparent motion of the shaft is longitudinal with respect to the
device (normal to the device’s antenna plane), as motion transverse to the direction of the
wave propagation (parallel to the device’s antenna plane) does not cause a phase shift of
the reflected signal, but rather changes the angle of the reflection, which may be detected
by measuring the angle of arrival. It may also result in a reduction in received amplitude.
As the phase shift of the reflected signal is a function of the longitudinal component of
the speed and not the transverse, the measured speed will change with the cosine of the
anglc between the device’s antenna array planc and the axis of the shaft. If the device’s
antenna array plane and shaft’s axis are parallel (the angle between the shaft’s axis and
the projection of the axis onto the plane is zero degrees), the speed of the extreme edges is
entirely longitudinal, and if they are perpendicular (the angle between the shaft’s axis and
the projection of the axis onto the plane is 90 degrees), it is entirely transverse. Also, if
the top of the shaft is moving away [rom the device, the bollom is moving towards, and
vice versa. This causes the speed measurements Lo sum Lo zero when perfectly aligned,
but if the transmitted signal is biased to one side of the shaft, either physically or through
beam steering, a speed measurement can be made. Alternatively, either a portion of the
top or bottom of the shaft may be electromagnetically shielded so more of the non-
shielded portion is measured. This measurement will be some fraction of the actual speed,
depending on how much of the opposite side of the shaft is measured. This can be used to
detect whether a shaft is spinning or can be further calibrated if the actual speed is known.
The reflector-based design allows a single device to read multiple shafts, provided they’re
sufficiently separated in distance. An example application would be for monitoring the
shafts on a wide, multiblade, industrial mower, with many shafts for driving the blades.
By using a rcflector on cach shaft desired to be monitored, onc or more devices can
rcmotcly monitor the speed of cach shaft and detect whether onc begins to slow down

relative to the other shafts. This generally indicates a slipping clutch, and the machine
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should be stopped to prevent machine damage. Another application would be monitoring
the PTO shaft on a grain cart to determine whether the grain cart is being unloaded.
[00150] The technique is also useful as a linear displacement sensor, such as for
mecasuring the cxtension of a hydraulic cylinder. By attaching a reflector directly or
indircctly to the moving portion of a lincar actuator, and dirccting the transmit signal
toward the reflector, the position may be measured. Longitudinal movement will create a
frequency shift for large motions, and a phase shift for small motions. Transverse
movement will change the angle of arrival for the reflected signal. This allows for
monitoring the state of various mechanical components, such as a door or gate, either in a
binary open/close or continuous fashion.

[00151] Herein, the phrase “coupled with” is defined to mean directly connected to
or indirectly connected through one or more intermediate components. Such intermediate
componcnts may includc both hardwarc and softwarc-bascd components. Further, to
clarify the use in the pending claims and to hereby provide notice to the public, the
phrases “at least one of <A>, <B>, ... and <N>" or “at least on¢ of <A>, <B>, ... <N>, or
combinations thereof” are defined by the Applicant in the broadest sense, superseding any
other implied definitions here before or hereinafter unless expressly asserted by the
Applicant to the contrary, Lo mean one or more elements selected from the group
comprising A, B, ... and N, that is to say, any combination of one or more of the elements
A, B, ... or N including any one element alone or in combination with one or more of the
other elements which may also include, in combination, additional elements not listed.
[00152] The term “computer-readable medium” includes a single medium or
multiple media, such as a centralized or distributed database, and/or associated caches and
servers that store one or more sets of instructions. The term “computer-readable medium”
shall also include any medium that is capable of storing, encoding, or carrying a set of
instructions for execution by a processor or that cause a computer system to perform any
one or more of the methods or operations disclosed herein.

[00153] In a particular non-limiting, embodiment, the computer-readable medium
may includc a solid-statc memory such as a memory card or other package that houscs
onc or morc non-volatile rcad-only mecmaorics. Further, the computer-rcadable medium

may be a random-access memory or other volatile re-writable memory. Additionally, the
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computer-readable medium may include a magneto-optical or optical medium, such as a
disk or tapes or other storage device to capture carrier wave signals such as a signal
communicated over a transmission medium. A digital file attachment to an e-mail or other
sclf-containcd information archive or sct of archives may be considered a distribution
medium that is a tangiblc storage medium. Accordingly, the disclosure is considered to
include any one or more of a computer-readable medium or a distribution medium and
other equivalents and successor media, in which data or instructions may be stored.
[00154] In an alternative embodiment, dedicated hardware implementations, such
as application specific integrated circuits, programmable logic atrays and other hardware
devices, may be constructed to implement one or more of the methods described herein.
Applications that may include the apparatus and systems of various embodiments may
broadly include a variety of electronic and computer systems. One or more embodiments
described hercin may implement functions using two or morc specific interconnected
hardware modules or devices with related control and data signals that may be
communicated between and through the modules, or as portions of an application-specific
integrated circuit. Accordingly, the present system encompasses software, firmware, and
hardware implementations.

[00155] In accordance with various embodiments of the present disclosure, the
methods described herein may be implemented by soltware programs executable by a
computer system. Further, in an exemplary, non-limited embodiment, implementations
may include distributed processing, component/object distributed processing, and parallel
processing. Alternatively, virtual computer system processing may be constructed to
implement one or more of the methods or functionalities as described herein.

[00156] Although the present specification describes components and functions that
may be implemented in particular embodiments with reference to particular standards and
protocols, the invention is not limited to such standards and protocols. For example,
standards for Internet and other packet switched network transmission (e.g., TCP/IP,
UDP/IP, HTML, HTTP, HTTPS) represent examples of the state of the art. Such
standards arc pcriodically supcerscded by faster or more cfficient cquivalents having
csscntially the samc functions. Accordingly, replaccment standards and protocols having

the same or similar functions as those disclosed herein are considered equivalents thereof.
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[00157] A computer program (also known as a program, software, software
application, script, or code) may be written in any form of programming language,
including compiled or interpreted languages, and it may be deployed in any form,
including as a standalonc program or as a modulc, componcnt, subroutine, or other unit
suitablc for usc in a computing cnvironment. A computcr program docs not nccessarily
correspond to a file in a file system. A program may be stored in a portion of a file that
holds other programs or data (e.g., one or more scripts stored in a markup language
document), in a single file dedicated to the program in question, or in multiple
coordinated files (e.g., files that store one or more modules, sub programs, or portions of
code). A computer program may be deployed to be executed on one computer or on
multiple computers that are located at one site or distributed across multiple sites and
interconnected by a communication network.

[00158] The processes and logic flows described in the specification may be
performed by one or more programmable processors executing one or more computer
programs to perform functions by operating on input data and generating output. The
processes and logic flows may also be performed by, and apparatus may also be
implemented as, special purpose logic circuitry, e.g., an I'PGA (field programmable gate
array) or an ASIC (application specific integrated circuit).

[00159] As used in the application, the term ‘circuitry’ or ‘circuitl’ refers Lo all of
the following: (a)hardware-only circuit implementations (such as implementations in only
analog and/or digital circuitry) and (b) to combinations of circuits and software (and/or
firmware), such as (as applicable): (i) to a combination of processor(s) or (ii) to portions
of processor(s)/software (including digital signal processor(s)), software, and
memory(ies) that work together to cause an apparatus, such as a mobile phone or server,
to perform various functions) and (c) to circuits, such as a microprocessor(s) or a portion
of a microprocessor(s), that require software or firmware for operation, even if the
software or firmware is not physically present.

[00160] This definition of ‘circuitry’ applies to all uses of this term in this
application, including in any claims. As a furthcr cxample, as uscd in this application, the
term “circuitry” would also cover an implementation of merely a processor (or multiple

processors) or portion of a processor and its (or their) accompanying software and/or
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firmware. The term “circuitry” would also cover, for example and if applicable to the
particular claim element, a baseband integrated circuit or applications processor
integrated circuit for a mobile phone or a similar integrated circuit in server, a cellular
nctwork device, or other network device.

[00161] Processors suitable for the ecxccution of a computer program include, by
way of example, both general and special purpose microprocessors, and anyone or more
processors of any kind of digital computer. Generally, a processor receives instructions
and data from a read only memory or a random-access memory or both. The essential
elements of a computer are a processor for performing instructions and one or more
memory devices for storing instructions and data. Generally, a computer also includes, or
be operatively coupled to receive data from or transfer data to, or both, one or more mass
storage devices for storing data, e.g., magnetic, magneto optical disks, or optical disks.
Howcver, a computer nced not have such devices. Morcover, a computetr may be
embedded in another device, e.g., a mobile telephone, a personal digital assistant (PDA),
a mobile audio player, a GPS receiver, to name just a few. Computer readable media
suitable for storing computer program instructions and data include all forms of non-
volatile memory, media, and memory devices, including by way of example
semiconductor memory devices, e.g., EPROM, EEPROM, and (lash memory devices;
magnetic disks, e.g., internal hard disks or removable disks; magneto optical disks; and
CD ROM and DVD-ROM disks. The memory may be a non-transitory medium such as a
ROM, RAM, flash memory, etc. The processor and the memory may be supplemented by,
or incorporated in, special purpose logic circuitry.

[00162] Ta provide for interaction with a user, embadiments of the subject matter
described in this specification may be implemented on a device having a display, e.g., a
CRT (cathode ray tube) or 1.CD (liquid crystal display) monitor, for displaying
information to the user and a keyboard and a pointing device, €.g., a mouse or a trackball,
by which the user may provide input to the computer. Other kinds of devices may be used
to provide for interaction with a user as well; for example, feedback provided to the user
may bc any form of scnsory feedback, c.g., visual feedback, auditory feedback, or tactile
fcedback; and input from the uscr may be reccived in any form, including acoustic,

speech, or tactile input.
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[00163] Embodiments of the subject matter described in this specification may be
implemented in a computing system that includes a back end component, ¢.g2., as a data
server, or that includes a middleware component, €.g., an application server, or that
includces a front end component, ¢.g., a clicnt computer having a graphical uscr intcrface
or a Web browscr through which a uscr may intcract with an implementation of the
subject matter described in this specification, or any combination of one or more such
back end, middleware, or front end components. The components of the system may be
interconnected by any form or medium of digital data communication, e.g., a
communication network. Examples of communication networks include a local area
network (“LLAN") and a wide area network (“WAN"), ¢.g., the Internet.

[00164] The computing system may include clients and servers. A client and server
are generally remote from each other and typically interact through a communication
nctwork. The rclationship of client and scrver ariscs by virtuc of computer programs
running on the respective computers and having a client-server relationship to each other.
[00165] The illustrations of the embodiments described herein are intended to
provide a general understanding of the structure of the various embodiments. The
illustrations are not intended to serve as a complete description of all of the elements and
features of apparatus and systems that utilize the structures or methods described herein.
Many other embodiments may be apparent Lo those of skill in the art upon reviewing the
disclosure. Other embodiments may be utilized and derived from the disclosure, such that
structural and logical substitutions and changes may be made without departing from the
scope of the disclosure. Additionally, the illustrations are merely representational and
may not be drawn to scale. Certain proportions within the illustrations may be
exaggerated, while other proportions may be minimized. Accordingly, the disclosure and
the figures are to be regarded as illustrative rather than restrictive.

[00166] While this specification contains many specifics, these should not be
construed as limitations on the scope of the invention or of what may be claimed, but
rather as descriptions of features specific to particular embodiments of the invention.
Certain features that arc described in this specification in the context of scparate
cmbodiments may also be implemented in combination in a single embodiment.

Conversely, various features that are described in the context of a single embodiment may
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also be implemented in multiple embodiments separately or in any suitable sub-
combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination may in somg cascs be cxcised from the combination, and the claimed
combination may bc dirccted to a sub-combination or variation of a sub-combination.
[00167] Similarly, while operations are depicted in the drawings and described
herein in a particular order, this should not be understood as requiring that such
operations be performed in the particular order shown or in sequential order, or that all
illustrated operations be performed, to achieve desirable results. In certain circumstances,
multitasking and parallel processing may be advantageous. Moreover, the separation of
various system components in the embodiments described above should not be
understood as requiring such separation in all embodiments, and it should be understood
that the described program components and systems may gencrally be intcgrated together
in a single software product or packaged into multiple software products.

[00168] One or more embodiments of the disclosure may be referred to herein,
individually and/or collectively, by the term “invention” merely for convenience and
without intending to voluntarily limit the scope of this application to any particular
invention or inventive conceptl. Moreover, although specilic embodiments have been
illustrated and described herein, it should be appreciated that any subsequent arrangement
designed to achieve the same or similar purpose may be substituted for the specific
embodiments shown. This disclosure is intended to cover any and all subsequent
adaptations or variations of various embodiments. Combinations of the above
embodiments, and other embodiments not specifically described herein, are apparent to
those of skill in the art upon reviewing the description.

[00169] The Abstract of the Disclosure is provided to comply with 37 C.F.R.
§1.72(b) and is submitted with the understanding that it will not be used to interpret or
limit the scope or meaning of the claims. In addition, in the foregoing Detailed
Description, various features may be grouped together or described in a single
cmbodiment for the purposc of strcamlining the disclosurc. This disclosurc is not to be
intcrpreted as reflecting an intention that the claimed cmbodiments require more featurcs

than are expressly recited in each claim. Rather, as the following claims reflect, inventive
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subject matter may be directed to less than all of the features of any of the disclosed
embodiments. Thus, the following claims are incorporated into the Detailed Description,
with each claim standing on its own as defining separately claimed subject matter.
[00170] It is intcnded that the forcgoing dctailed description be regarded as
illustrative rather than limiting and that it is undcrstood that the following claims
including all equivalents are intended to define the scope of the invention. The claims
should not be read as limited to the described order or elements unless stated to that
effect. Therefore, all embodiments that come within the scope and spirit of the following

claims and equivalents thereto are claimed as the invention.
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CLAIMS

1. A method for providing communications using frequency-modulated continuous-
wavce radar between two devices that are in cach other’s sensing ficld of view and arc ablc
to rcecive onc another’s transmitted signals, the method comprising:

determining, by a first device using frequency-modulated continuous-wave radar,
a direction vector to a source of a second device’s transmitted signal using an array of two
or more receive antennas by calculating an angle of arrival;

determining, by the first device, a distance to the second device based on the
transmitted signal;

setting up a communications channel between the first device and second device,
the communications channel using different chirp signals that are defined by a number of
charactcristics comprising onc or morc of a chirp ratc, a frcquency rangce, a phasc, an
amplitude, or a ramp rate; and

communicating, by the first device, at least the determined direction vector and

distance to the second device.

2. The method of claim 1, wherein the two or more receive antennas are arranged in

a grid with ¥2 wavelength center-lo-center separation,

3. The method of claim 1, wherein determining the distance comprises:
aligning, by the first device, a transmit frequency ramp signal for the first device
to measure and communicate a ramp phase to the second device that is configured to

subtract the phase as an offset from its own phase measurement.

4. The method of claim 1, wherein determining the distance comprises:
adjusting ramp signals of each transmit phase of the first device to align a start of

the first device’s chirp transmission to a start of a chirp the first device received.

5. The mcthod of claim 1, wherein the first device compriscs at lcast onc transmit

antenna, the array of two or more receive antennas, and a processing unit.
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6. The method of claim 1, wherein setting up the communications channel comprises
using phase modulation of the different chirp signals, wherein each device may transmit a
scquence of phasc-modulated chirps within a frame, with onc phasc modulated chirp of
the scquence of phasc-modulated chirps contains a reference phasce so that the difference

in a phase between each chirp and the reference phase indicates data being sent.

7. The method of claim 6, wherein the phase may be controlled with different

resolution to change an amount of data sent with each chirp.

8. The method of claim 1, further comprising:

receiving, by the first device, the second device, or the first device and second
device a respective transmitted signal from a third device;

wherein the first device and second device are able to identify that they are

communicating with one another and not the third device based on the communicating.

9. The method of claim 1, further comprising:

using the communications channel by one of the (irst and second devices Lo
communicate data from the one of the first and second devices o the other of the first and
second devices, the data comprising at least one of identifying information, operating

parameters, sensor readings, or environmental data.

10. A system for providing communications using frequency-modulated continuous-
wave radar, the system comprising:

two devices that are in each other’s sensing field of view and are able to receive
one another’s transmitted signals;

wherein the two devices are configured to communicate at least one of operating
parameters, relative location information, identification information, sensor readings, or
cnvironmental data therebetween using different chirp signals from the frequency-

modulatcd continuous-wave radar, wherein the different chirp signals arc defined by a
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number of characteristics comprising one or more of a chirp rate, a frequency range, or a

ramp rate.

11.  The system of claim 10, wherein the two devices are further configured to
determine a direction vector to a source of another device’s transmitted signal using an

array ol (wo or more receive anlennas.

12. The system of claim 10, wherein the two devices are further configured to
determine a distance to its opposite using the frequency-modulated continuous-wave

radar.

13.  The system of claim 10, wherein each device of the two devices comprises at least

one radar module in communication with a processing unit.

14.  The system of claim 10, wherein at least one of the two devices is coupled with a

combine hopper, auger, grain cart, seed tender, grain truck, grain bin, or gravel truck.

15. The system of claim 10, wherein the two devices are configured to communicate

with the different chirp signals using binary phase modulation.

16. The system of claim 10, further comprising:

an additional device that is in a sensing field of view of at least one of the two
devices:

wherein the two devices are able to identify that the two devices are
communicating with one another and not the additional device based on the

communicating.

17. The system of claim 10, wherein the two devices are configured to communicate
with one another by having each device of the two devices transmit a sequence of phase-

modulated chirps within a frame, with one the phase-modulated chirps containing a



CA 03205160 2023-7-13

WO 2022/165593 PCT/CA2022/050151
53

reference phase so that a difference in a phase between each chirp and the reference phase

indicates the data being sent.

18. A mcthod for communicating using frequency-modulated continuous-wave radar,
the mcthod comprising:

determining a distance from a first device to a second device using frequency-
modulated continuous-wave radar signals transmitted from the first device and the second
device;

determining a directional vector between the first device and second device using
frequency-modulated continuous-wave radar transmitted from the first device and the
second device; and

communicating data between the first device and second device using chirp

signals transmittcd from the first device and the sccond device.

19. The method of claim 18, wherein the chirp signals are defined by a number of

characteristics comprising one or more of a chirp rate, a frequency range, or a ramp rate.

20.  The method of claim 18, wherein the two devices are able (o identily that they are
communicating with one another and not an additional device based on the

communicating.
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