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A BEAMFORMING HARDWARE ACCELERATOR FOR RADAR SYSTEMS

BACKGROUND

[0001]  Some radar systems use beamforming to determine the angle of arrival of objects in the
field of view. A radar system implementing beamforming first performs a range fast Fourier
transform (FFT) and a Doppler FFT, resulting in a three-dimensional (3D) matrix made up of a set
of two-dimensional (ZD) range matrices. Bach 2 range matrix corresponds 1o a particular range
of distances between a target object and the radar system, called a range bin, and includes ranges
of velocities for the target obiect, called a velocity bin, by antenna combination. The radar system
performs beamforming analysis to determine which hypothesis angle from a set of hypothesis
angles, represented by steering vectors, most closely aligns with the target object’s angle of arrival.
To test the set of hypothesis angles, each row of each 2D range matrix in the 3D data matrix is
multiplied by each steering vector, and the resulting specira 1s surnmed. If a particular hypothesis
angle corresponds to the actual angle of arrival for a target object, the resulting spectra sums
constructively; if not, the resulting spectra sums destructively.

{8002] Multiplying each row of each 2D range matrix by each steering vector causes each row
and each steering vector to be fetched and re-fetched multiple times over the course of the
beamforming analysis. These vector multiplications are further complicated by the combination of
row-wise and column-wise operations, which cause the 2D range matrix {0 be transposed multiple
tumes during beamforming analysis. Thus, the total number of operations involved tn beamforming
analysis is quite high, causing it to be resource intensive for radar systems to perform.

[0003]  To illustrate, an example radar system calculates 256 range bins, 256 velocity bins, and
16 hypothesis angles. The radar system performs 12 operations to test each hypothesis angle. In
total, the radar system performs more than 12 million operations over the course of beamtorming
analysis to determine angles of arrival for objects in the radar systeny’s field of view. A signal
processor able to perform these operations 1s resource intensive in area of the semiconductor die,
calculation time, memory space, and the like. Some radar systems decrease the mumber of
hypothesis angles to reduce the number of beamforming operations, which alsc decreases the

systems” angular resolution. Some radar sysiems decrease their update rates to allow additional
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processing time for beamforming operations, which decreases the reaction time for the systems to
respond to objects in the field of view.

SUMMARY

[0004] An apparatus comprises one or more processor cores and one or more non-transitory
computer-readable mediums storing machine instructions which, when executed by the one or more
processor cores, cause the one or more processor cores to obtain a data matrix and iteratively, store
a data slice from the data matrix in a data buffer. The data slice comprises a unique portion of the
data matrix. The processor cores perform correlation operations on the data slice in the data buffer
to obtain a calculated data slice for the data slice and store the calculated data slice. In some
implementations, the correlation operations cause the processor cores to multiple and sum the data
slice, a reference matrix, and an intermediate slice. The processor cores iteratively store a reference
slice from the reference matrix in a second data buffer. Each reference slice comprises a unique
portion of the reference matrix corresponding to an indexing range included in the data slice. The
processors multiply the reference slice and the data slice, sum the result and the intermediate slice,
and store the result as the intermediate slice.

[0005] The apparatus can further comprise a hardware accelerator (HWA) that comprises a first
address generator, the data buffer, a first selector logic circuit (SLC), a multiplier and accumulator
(MAC), a second SLC, a second data buffer, a third SLC, and a second address generator. The first
address generator generates an address for the data slice such that it comprises the unique portion of
the data matrix and provides the address to a memory interface system. The data buffer stores the
data slice. The first SLC selectively outputs a transposed data slice. The MAC performs vector
multiplications using the transposed data slice and sums a multiplication result and an intermediate
slice from a second data buffer.

[0006] The second SLC selectively outputs one of the transposed data slice, the multiplication
result, and a summation result. The second data buffer stores the output of the second SLC. The third
SLC selectively outputs a calculated data slice, which comprises a transposed summation result. The
second address generator generates an address for the calculated data slice, such that each calculated
data slice comprises a unique portion of a calculated data matrix, and provides the address for the
calculated data slice to the memory interface system.

[0007] The HWA can further comprise a third address generator, a third data buffer, and a fourth

SLC. The third address generator generates an address for a reference slice in a reference matrix,
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such that each reference slice comprises a unique portion of the reference matrix, and provides the
address for the reference slice to the memory interface system. The third data buffer stores the
reference slice from the memory interface system. The fourth SLC outputs the reference slice to the
MAC, which multiplies the transposed data slice by the reference slice.

[0008] In some implementations, the data matrix comprises a range matrix from a radar circuit,
which corresponds to a range bin and includes data from the radar circuit indexed by velocity bin
and antenna combination. Each data slice comprises a matrix indexed by velocity bin and antenna
combination. The reference matrix comprises a steering matrix of steering vectors indexed by
antenna combination and hypothesis angle. Each calculated data slice is stored using a steering vector
index and a velocity bin index, such that a particular calculated data slice is stored at a memory
location corresponding to a steering vector index of the corresponding particular steering vector and
a velocity bin index of a corresponding particular range slice.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For a detailed description of various examples, reference will now be made to the
accompanying drawings in which:

[0010] FIG. 1 illustrates an automobile equipped with multiple radar systems for distance and
angle of arrival determination.

[0011] FIG. 2 is a block diagram of an example radar system.

[0012] FIG. 3 illustrates, in flow chart form, an example method for processing signals received
from a radar system.

[0013] FIG. 4 illustrates an example beamforming processing flow for data received from a radar
system.

[0014] FIG. 5 illustrates an example data addressing flow for data input to and output from a
beamforming engine.

[0015] FIGS. 6A-B illustrate count values and indexing values for a range matrix input to a
beamforming process.

[0016] FIG. 71is a block diagram of an example beamforming hardware accelerator.

[0017] FIG. 8 illustrates, in flow chart form, example methods for processing signals received
from a time division multiplexing (TDM) multiple-input, multiple-output (MIMO) radar system.
[0018] FIGS. 9A-B illustrate an example beamforming processing flow including transmitter

decoding for data received from a TDM-MIMO radar system.
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[0019] FIG. 10 illustrates an example data addressing flow for data input to and output from a
beamforming engine.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0020] The beamforming HWAs described herein perform beamforming analysis for a radar
system without decreasing the angular resolution or the update rate of the radar system. The
described beamforming HW As divide the data indexed by range, velocity, and antenna combination
into a set of 2D range matrices, each of which corresponds to a particular range bin and includes
velocity data indexed by antenna combination. Each 2D range matrix is further divided into range
slices, unique partial matrices corresponding to particular velocity bins and antenna combinations
that together make up the 2D range matrix. The beamforming HW As store a range slice in a data
buffer and perform beamforming operations on the range slice in the data buffer. The resulting slice
of beamforming data is stored as part of a larger beamforming matrix corresponding to the 2D range
matrix. The beamforming HW As then begin the process again with a new range slice from the 2D
range matrix, until each range slice is analyzed and a complete beamforming matrix for the 2D range
matrix is generated. By storing partial slices of the data and performing beamforming operations on
each partial slice sequentially, the beamforming HW As decrease the number of times data is fetched
and re-fetched from memory.

[0021] An address generator generates an address for the range slice and provides it to a memory
interface, which loads the range slice at the specified address into the data buffer. The address
generator ensures each successive range slice is unique and the entire 2D range matrix is analyzed.
A selector logic circuit coupled to the data buffer transposes the range slice data to perform row-
wise and column-wise operations, decreasing the number of operations dedicated to data
transposition. Similarly, a second address generator generates an address for the beamforming slice
and provides it to the memory interface, which stores the beamforming slice at the specified address.
The second address generator ensures each successive beamforming slice is stored at an appropriate
location in the memory, without overwriting previously calculated beamforming slices and indexing
the beamforming slices based on the velocity bins of the corresponding range slices.

[0022] The beamforming operations performed on the range slice can include multiplying the
range slice by a steering matrix of steering vectors corresponding to hypothesis angles and summing
the result with an intermediate slice corresponding to the same velocity bins. The beamforming

HWAS can divide the steering matrix into steering slices, unique partial matrices corresponding to
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particular antenna combinations and hypothesis angles that together make up the steering matrix.
The beamforming HW As store a steering slice in a second data buffer and output the steering slice
and the range slice to a multiplier and accumulator unit (MAC). A third address generator generates
an address for the steering slice and provides it to the memory interface, which loads the steering
slice at the specified address into the second data buffer. The third address generator ensures each
successive steering slice is unique and the entire steering matrix is used. A selector logic circuit
coupled to the second data buffer transposes the steering slice to perform row-wise and column-wise
operations.

[0023] The MAC receives the range and steering slices and multiplies the two slices together,
summing the result with intermediate data corresponding to other antenna combinations for the same
particular velocity bins and hypothesis angles and generating beamforming data. The beamforming
HWASs can perform a magnitude or a log magnitude operation on the beamforming data and store it
in a third data buffer. A selector logic circuit and the second address generator can transpose the
finalized beamforming slice and store it as part of the beamforming matrix.

[0024] FIG. 1 is an illustration of an automobile 100 equipped with multiple radar systems 110,
112 for distance and angle of arrival determination. High resolution 77 GigaHerz (GHz) automotive
radar systems have been developed to improve driving comfort and safety by measuring the distance
from the vehicle to surrounding objects. These distances may be used to instruct a central controller
to react appropriately in various driving scenarios, such as parking assistance or collision avoidance.
Some vehicles may have a single radar system 110 that may be used for tasks such as adaptive cruise
control, object warning, automatic braking, etc., for example. Some vehicles may have several radar
systems, e.g., one in front 110 and one in back 112.

[0025] Some vehicles may have several systems in front, several systems in back, and systems on
the left and right side. For example, a vehicle may have three systems in front in which one faces
straight ahead and the other two are angled to the left and right, three in back in which one faces
straight back and two are angled to the left and right, and one on the left side and one on the right
side, as shown in FIG. 1. Some radar systems, called MIMO radar systems, use multiple transmitter
antennas and multiple receiver antennas to improve the resolution of the radar system in determining
the angle of arrival. Some MIMO radar systems use TDM to distinguish between chirp signals from
different transmitter antennas.

[0026] In order to determine the distance and angle of arrival from the radar system to a target
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object, e.g., for parking assistance, a signal received from the radar system front end is usually
processed via a flow of signal processing steps, including Doppler correction and beamforming.
Doppler correction compensates for phase differences due to the movement of a target object
between transmission of a first chirp signal and a second chirp signal. If left uncorrected, Doppler
shift from the target object’s radial velocity can introduce error in the distance and angle of arrival
determinations. Receiver beamforming estimates the angle of arrival by comparing phases of the
received signals to the expected signal phases for an object arriving from a hypothesis angle. The
beamforming operations can test a set of unique hypothesis angles, the number of which is chosen
based on the desired angle of arrival resolution and other capabilities of the radar system.

[0027] FIG. 2 is a block diagram of an example radar system 200. Radar system 200 may be used
in a vehicle, such as automobile 100 of FIG. 1. In this example, radar system 200 includes a radar
sensor circuit 210, a central processor unit (CPU) core 230, a display 240, and storage 250. Radar
sensor circuit 210 includes a transmitter 220 that drives an antenna array 221 of one or more
transmitter (TX) antennas. A receiver 222 receives signals from an antenna array 223 of one or more
receiver (RX) antennas. A baseband module 224 amplifies and filters the received signals that are
reflected from objects in the path of the transmitted chirp signals. In this example radar system,
transmitter 220 operates in the 77 GHz region and produces a frequency modulated continuous wave
(FMCW) signal. The continuous wave signal is frequency modulated to form a series of chirps using
a local oscillator (LO) 225. In example radar system 200, the TX antenna array 221 and RX antenna
array 223 are stationary. In other examples, the antenna arrays may be configured to transmit and
receive across a range of area, such as by mechanical movement.

[0028] FMCW radar, also referred to as continuous-wave frequency-modulated (CWFM) radar,
is capable of determining distance, velocity, and angle of arrival. In a FMCW system, the transmitted
chirp signal of a known stable frequency continuous wave varies up and down in frequency over a
fixed period of time by a modulating signal. Received reflections are then mixed with the transmitted
chirp signal to produce a received beat signal, which will give the distance, velocity, and angle of
arrival for the target object after signal processing. Frequency differences between the received
reflections and the transmitted chirp signal increase with delay and are therefore proportional to
distance.

[0029] The phase differences between the received reflections across consecutive chirps allow the

velocity of target objects to be computed. The phase differences between the received reflections at
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a first receiver antenna and the received reflections at a second receiver antenna allow the angle of
arrival of target objects to be computed. Thus with an FMCW radar system, the distance between
the target object and the radar system, relative velocity of the target object, relative angle of the target
object and the like can be calculated.

[0030] During normal operation, linear frequency chirps are transmitted, and reflected signals are
received. The receiver and transmitter are arranged as a homodyne system so that the received
reflections are down-converted directly into the baseband in receiver 222 using a copy of the
transmitted signal from LO 225. The baseband signals are then filtered and amplified by filters and
variable gain amplifiers by baseband module 224. After converting the baseband signals into the
digital domain, time domain to frequency domain transforms such as fast Fourier transforms (FFTs)
may be applied and other signal processing performed in order to determine the distance, velocity,
and angle of arrival between the target object and the radar system 200.

[0031] CPU core 230 comprises one or more CPU cores, digital signal processors, application
specific integrated circuits, and the like. The term “CPU core” (singular) is used herein to refer to
either a single or multiple CPU cores, and to broadly describe central processing units, digital signal
processors, application specific integrated circuits, and the like. CPU core 230 includes a chirp
timing controller module 231 that receives a stream of data from receiver antenna array 223 via an
analog to digital converter (ADC) 237 and performs chirp generation and control of the transmitter
via a digital to analog converter (DAC) 235. A varying voltage tuning control signal from DAC 235
is used to control LO 225. CPU core 230 also includes a signal processor core 232 that may perform
signal processing for determining a velocity, an angle of arrival, distance between the target object
and radar system 100, and the like.

[0032] Signal processor core 232 can provide the determined values to display 240 and/or
communicate with other systems via a network interface 233. Network 233 may include various
combinations of local area networks (LANSs), wide area networks (WANS), the internet and/or other
known or later developed wired or wireless communication mechanisms, for example. Storage 250
may be used to store instructions and data received from antenna 223 or signal processor core 232.
Storage 250 may be any appropriate storage medium, such as a static random access memory
(SRAM).

[0033] FIG. 3 illustrates, in flow chart form, an example process 300 for beamforming analysis.

The process shown in FIG. 3 is performed by a processing unit executing instructions stored in a
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non-transitory computer-readable medium, such as signal processor core 232 executing instructions
stored in storage 250 from radar system 200 shown in FIG. 2. In some examples, steps 340, 350, and
360 are performed by a beamforming engine or a beamforming HWA and indicated as beamformer
operations 370. First, at step 310, the processing unit performs a range FFT on sampled data matrix
305, for example data from radar sensor circuit 210 sampled by ADC 237. Sampled data matrix 305
is a three dimensional (3D) matrix including sampled data values from received beat signals indexed
by antenna combination over time, (antenna combination x sample x time).

[0034] After the processing unit performs the range FFT, the resulting 3D range matrix 315
includes sampled data values sorted into range bins representing ranges of distances between a target
object and the radar sensor circuit indexed by antenna combination over time, (antenna combination
x range bin x time). At step 320, range matrix 315 is transposed, such that the resulting transposed
3D range matrix 325 is indexed by antenna combination and range bin, (antenna combination x time
x range bin). At step 330, the processing unit performs a Doppler FFT on the transposed 3D range
matrix 325. The resulting 3D Doppler matrix 335 includes data values sorted into velocity bins
representing ranges of velocities for a target object indexed by antenna combination and range bin,
(antenna combination x velocity bin x range bin).

[0035] At step 340, the Doppler matrix 335 is transposed, such that the transposed resulting 3D
Doppler matrix 345 includes data values sorted by antenna combination indexed by velocity bin and
range bin, (velocity bin x antenna combination x range bin). Thus, each 2D range matrix included in
transposed 3D Doppler matrix 345 corresponds to a particular range bin and includes data values
sorted by antenna combination and velocity bin for that particular range bin, (velocity bin x antenna
combination). At step 350, the processing unit performs beamforming operations on the transposed
Doppler matrix 345 to estimate the angle of arrival. At step 360, the processing unit performs a log
magnitude operation to obtain 3D processed data matrix 395, which includes signal peaks in the
range bin, velocity bin, and angle of arrival bin corresponding to a target object’s distance, speed,
and angle of arrival.

[0036] Beamforming operations at step 350 can include comparing phases of the received signals
stored in the transposed Doppler matrix 345 to the expected signal phases for an object arriving from
each of a set of hypothesis angles. For example as described previously herein with respect to the
background, the processing unit multiplies each row, that is, velocity bin, of each 2D range matrix

included in transposed 3D Doppler matrix 345 by each steering vector in a set of steering vectors,
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each steering vector representing a unique hypothesis angle from the set of hypotheses angles, and
sums the resulting spectra. Thus, the total number of operations for process 300 can be quite large,
due to the fetches and re-fetches of each steering vector in the set of steering vectors and each row
in each 2D range matrix in the transposed 3D Doppler matrix 345, the data transpositions, the vector
multiplications, etc. A signal processor core capable of performing this many operations is resource
intensive, both in surface area of the semiconductor die and calculation time, as well as in
supplemental components such as memory.

[0037] FIG. 4 illustrates an example beamforming operation flow 400 for data received from a
radar system, such as radar system 200 shown in FIG. 2. To reduce the number of times each row in
each 2D range matrix 410 is fetched and re-fetched, 2D range matrix 410 is divided into range slices
420. A range slice 420 represents a unique portion of range matrix 410 corresponding to particular
velocity bins and antenna combinations. Similarly, to reduce the number of times each steering
vector in the 2D steering matrix 430 is fetched and re-fetched, the 2D steering matrix 430 is divided
into steering slices 440. A steering slice 440 represents a unique portion of steering matrix 430
corresponding to particular antenna combinations and hypothesis angles. In this example, range slice
420 includes the data values for the first four antenna combinations in the first four velocity bins.
Steering vector slice 440 includes the expected signal phase at the first four antenna combinations
for the first four hypothesis angles. The range slice 420 and the steering vector slice 440 are stored
in respective local data buffers before being provided to a multiplier and accumulator unit (MAC)
450. Respective selector logic circuits (SLCs) associated with the respective local data buffers can
transpose each of range slice 420 and steering vector slice 440 as the range slice 420 and steering
vector slice 440 are provided to MAC 450, corresponding to transpose operation 340 shown in FIG.
3 for example.

[0038] MAC 450 generates an intermediate slice 460 corresponding to the particular range slice
420 and particular steering vector slice 440. Intermediate slice 460 includes the multiplied and
accumulated values for the first four antenna combinations in the first four velocity bins and the first
four hypothesis angles, and can be stored in a third local data buffer. Because intermediate slice 460
does not include all antenna combinations, the range slice 420 is updated to include the data values
for the next four antenna combinations in the first four velocity bins, and the steering vector slice
440 1s updated to include the expected signal phase at the next four antenna combinations for the

first four hypothesis angles. MAC 450 multiplies the updated range slice 420 and updated steering
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vector slice 440 together and accumulates the result with the previously calculated intermediate slice
460 for the first four antenna combinations from the third local data buffer. This process continues
until the MAC operation on the last slice of the first four velocity bins and the first four hypothesis
angles used in this iteration is accumulated onto the intermediate slice in the third local data buffer.

[0039] The updated intermediate slice 460 includes beamforming data values for all eight antenna
combinations in the first four velocity bins and the first four hypothesis angles. Now that the updated
intermediate slice 460 includes all antenna combinations, the updated intermediate slice 460 is a
beamforming slice 470 corresponding to the first four velocity bins and the first four hypothesis
angles. Other operations can then be performed on beamforming slice 470, such as the log magnitude
operation 360 shown in FIG. 3. Beamforming slice 470 can then be stored as-is or transposed before
storage by a selector logic circuit. Respective address generators for range slices 420, steering vector
slices 440, and beamforming slice 470 ensure that the appropriate range slice and steering vector
slice are used to calculate a particular beamforming slice and that each beamforming slice is stored
in an appropriate location in memory. The beamforming operation flow 400 can be repeated until
every hypothesis angle is tested in every velocity bin of the 2D range matrix 410.

[0040] FIG. 5 illustrates an example data addressing flow for data input to and output from a
beamforming engine. 2D range matrix 510 is included in a 3D Doppler matrix, not shown, and
corresponds to a particular range bin. Each row of 2D range matrix 510 corresponds to a particular
velocity bin, and each column corresponds to a particular antenna combination, (velocity bin x
antenna combination). 2D range matrix 510 includes N velocity bins 515 and M antenna
combinations 520, resulting in an (N x M) 2D range matrix 510. A range slice 530 includes a number
of velocity bins X and a number of antenna combinations Y, resulting in an (X x Y) range slice 530.
In this example, range slice 530 is a (4 x 4) matrix.

[0041] 2D steering matrix 550 includes the set of steering vectors for the hypothesis angles of the
beamforming engine. Each row of 2D steering matrix 550 corresponds to an expected signal phase
at a particular antenna combination, and each column corresponds to a particular steering vector and
its associated hypothesis angle, (antenna combination x steering vector). 2D steering matrix includes
M antenna combinations 520 and S steering vectors 545, resulting in an (M x S) matrix. A steering
vector slice 550 includes a number of antenna combinations Y and a number of hypothesis angles Z,
resulting in an (Y x Z) matrix.

[0042] As discussed previously herein with reference to FIG. 4 and example beamforming
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operation flow 400, the appropriate range slices 530 and steering vector slices 550 are multiplied
and accumulated to obtain a beamforming slice 570 corresponding to the particular X velocity bins
and Z hypothesis angles represented in the range slices and steering vector slices. The process is
repeated until a beamforming matrix 580 includes beamforming slices 570 for each velocity bin and
each hypothesis angle. Beamforming matrix 580 includes N velocity bins 515 and S steering vectors
555, resulting in an (N x S) matrix.

[0043] FIGS. 6A-B illustrate count values and indexing values for a range matrix input to a
beamforming process. FIG. 6A illustrates count values for 2D range matrix 610, which includes N
velocity bins 615 and M antenna combinations 620, resulting in an (N x M) matrix. Each range slice
630 from 2D range matrix 610 includes a number of velocity bins X and a number of antenna
combinations Y, resulting in an (X x Y) matrix. To ensure that each range slice 630 is unique and
does not overlap with other range slices, an example indexing scheme is shown in FIG. 6B.

[0044] In FIG. 6B, an N index 660 ensures that each range slice is taken from an appropriate set
of rows, that is, velocity bins, of 2D range matrix 610. Similarly, an M index 650 ensures that each
range slice is taken from an appropriate set of columns, that is, antenna combinations, of 2D range
matrix 610. For example, a first range slice 630A includes velocity bins 0-3 and antenna
combinations 0-3 for each velocity bin. A second range slice 630B includes velocity bins 0-3 as well,
but antenna combinations 4-7. An X index 670 is based on the number of antenna combinations Y
in the range slice 630 and the total number of antenna combinations M 620 in 2D range matrix 610,
to ensure that the N index 660 does not increment until all M antenna combinations for the particular
X velocity bins are represented in a beamforming slice. An S index 680 is based on the number of
steering vectors and corresponding hypothesis angles in an associated steering matrix, and resets N
index 660, M index 650, and X index 670 every time it increments, such that each velocity bin and
antenna combination in 2D range matrix 610 is multiplied and accumulated with each steering
vector.

[0045] FIG. 7 is a block diagram of an example beamforming HWA 700. Beamforming HWA
700 includes a memory interface 705 and a load unit 710 and a store unit 790 which load from and
store to a memory via memory interface 705. Beamforming HWA 700 also includes an address
generator 715, a buffer 720, and an SLC 725 for loading a range slice such as range slice 530 shown
in FIG. 5 from a 2D range matrix in the memory. Address generator 715 generates a look-up address

for a particular range slice, for example based on the indexing scheme shown in FIG. 6B, and
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provides it to load unit 710, which obtains the range slice from memory via memory interface 705
and loads it into buffer 720. A selection signal provided to SLC 725 indicates a particular row and
column of buffer 720, and SLC 725 outputs the data value stored at that particular row and column,
enabling the range slice to be transposed before it is used in other operations. Address generator 715
generates a second look-up address for another, different range slice, ensuring each range slice is
unique and does not overlap with other range slices.

[0046] Similarly, beamforming HWA 700 also includes an address generator 730, a buffer 735,
and an SLC 740 for loading a steering vector slice such as steering vector slice 550 shown in FIG. 5
from a 2D steering matrix in the memory. Address generator 730 generates a look-up address for a
particular steering vector slice, for example using an indexing scheme similar to the one shown in
FIG. 6B, and provides it to load unit 710, which obtains the steering vector slice from memory via
memory interface 705 and loads it into buffer 735. A selection signal provided to SLC 740 indicates
a particular row and column, and SLC 740 outputs the data value stored at that particular row and
column, enabling the steering vector slice to be transposed before it is used in other operations. As
needed, address generator 730 generates a second look-up address for another, different steering
vector slice, ensuring each steering vector slice is unique and does not overlap with other steering
vector slices.

[0047] A MAC 750 includes a multiplier 754 and an accumulator 758. Multiplier 754 in MAC
750 multiplies the outputs of SLCs 725 and 740 together and provides the result 744 to accumulator
758 and an SLC 760. Accumulator 758 sums the output of multiplier 754 and data 746 in buffer 780
and provides the sum 748 to SLC 760, which also receives the output 742 of SLC 725. A selection
signal provided to SLC 760 indicates an operation to be performed, and SLC 760 outputs one of the
multiplication result 744, summation result 748, and output 742 based on the selection signal. In one
example, the selection signal indicates a transpose operation, causing SLC 760 to output the output
742 from SLC 725 and enabling transposition of the partial range slice stored in buffer 720. In
another example, the selection signal indicates a vector multiplication operation, causing SLC 760
to output the multiplication result 744. In a further example, the selection signal indicates an
accumulation operation, causing SLC 760 to output the summation result 748.

[0048] A magnitude circuit 770 receives the output of SLC 760, and either provides the output
unchanged to buffer 780 or performs a magnitude or log magnitude operation on the output, based

on the operation to be performed. For example, the magnitude circuit 770 provides the output
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unchanged to buffer 780 for a transpose operation, but performs a magnitude or log magnitude
operation on the output for an accumulation operation. Buffer 780 stores the output of magnitude
circuit 770, the intermediate slice such as intermediate slice 460 shown in FIG. 4, for reuse by
accumulator 758, for example in subsequent operations to multiply and accumulate other antenna
combinations for the particular velocity bins and hypothesis angles represented by the particular
range slice and steering vector slice. In response to the intermediate slice including beamforming
data for all antenna combinations in the particular velocity bins and hypothesis angles, buffer 780
stores the beamforming slice corresponding to the particular velocity bins and hypothesis angles,
which can then be stored more permanently in the memory.

[0049] A selection signal provided to an SLC 785 indicates a particular row and column, and SLC
785 outputs the beamforming data value stored at that particular row and column in buffer 780,
enabling the beamforming slice to be transposed before it is stored in the memory. Address generator
790 generates a storage address for the beamforming slice and provides it to store unit 795, which
receives the beamforming slice from selector logic circuit 785 and stores it in the memory via
memory interface 705. As needed, address generator 790 generates a second storage address for
another, different beamforming slice, ensuring each beamforming slice is stored in a unique memory
location and does not overwrite other beamforming slices. In this example, SLCs 725, 740, 760, and
785 are multiplexers, but any appropriate SLC can be used.

[0050] FIG. 8 illustrates, in flow chart form, an example method 800 for processing signals
received from a TDM-MIMO radar system. RX antennas in a TDM-MIMO radar system receive
reflected signals, but do not distinguish between reflections of different TX antenna’s chirp signals.
The received reflections can be sorted into the different TX antenna’s chirp signals through TX
antenva decoding, and the signals separated by antenna cornbination tmprove the angle of arrival
resolution of the TDM-MIMO radar system compared to other radar systems. In addition, the TMD-
MIMO radar system performs Doppler correction on the received beat signals, to correct for phase
differences between different received signals due to the time difference between a first transmitted
chirp signal and a second transmitted chirp signal.

[0051] The process shown itn FIG. 8 is performed by a processing unit executing instructions
stored in a non-transitory computer-readable medium, such as signal processor core 232 executing
wstructions stored in storage 250 from radar systern 200 shown 1o FIG. 2. In some examples, steps

830, 840, 850, 860, and 870 are performed by a beamforming engine or a beamforming HWA, such
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as beamforming HWA 700 shown in FIG. 7, and indicated as beamformer operations 880. i some
implementations, the bearmforming HWA pertorming beamforming operations 880 performs steps
830, 840, and 850 in a single step &85 and steps 860 and 870 as a single step 890, as discussed further
herein with reference for FIG. 9.

[0052] First, at step 810, the processing unit performs a Doppler FEFT on range data 805, resulting
in a Doppler matrix 815 which includes data values sorted into velocity bins indexed by RX antenna
and range bin, (RX antenna x velocity bin x range bin). At step 820, the processing unit performs
Doppler correction, to compensate for phase differences in recetved signals due to movement of a
target object between transmission of a first chirp signal and transmission of a second chirp signal.
The resulting corrected Doppler matrix 825 is transposed at step 830 to obtain transposed, corrected
Doppler matrix 835, The transposed, corrected Doppler matrix 835 includes data values sorted by
RX antenna indexed by velocity bin and range bin, (velocity bin x RX antenna x range bin}.

[0053] The processing unit performs TX antenna decoding on transposed, corrected Doppler
matrix 835 at step 840, which separates the received beat signals for each RX antenna into their
component TX chirp signals using a set of demodulation vectors. For example, a TDM-MIMO radar
system includes two RX antenna, RX0 and RX1, and three TX antenna, TX0, TXI, and TXZ.
Transposed, cotrected Doppler matrix &35 includes the sampled data values sorted by RX0 and RX1,
but does not distinguish between TX0, TXI, and TX2. After TX antenna decoding, the decoded
Dioppler matrix 845 includes the sampled data values sorted by RX and TX antenna combination,
such as by RX0 and TX0, RX0 and TX1, RX0 and TXZ, etc.

[0054] The decoded Doppler matrix 845 is transposed at step 850, resulting in a transposed,
decoded Doppler matrix 855 which includes the sampled data values sorted by TX antenna. For
example, trausposed, decoded Doppler matrix 35S is ordered such that the received beat signals for
TX0 are stored first, TX0 and RX0, and TXO0 and RX1. The received beat signals for TX1 are stored
next, TX1 and RX0, and TX1 and RX1. At step 860, the processing unit performs beamforming
operations on the transposed, decoded Doppler matrix 855 1o estimate the angle of arrival. As
discussed herein with reference to FIG. 3, the beamforming operations can include multiplying each
row of each range matrix included in transposed, decoded Doppler matrix 855 by a set of steering
vectors and sumiming the resulting spectra, resulting in beamforming data matrix 865, At step 870,
the processing unit performs a fog magnitude operation to obtain processed data matnx 895, which

inchudes signal peaks in the range bin, velocity bin, and angle of arrival bin corresponding to a target
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object’s distance, speed, and angle of arnival.

[0055] FIG. 9illustrates an example beamforming processing flow for steps 885 and 890 for data
received from a TDM-MIMO radar system. For ease of explanation, FIG. 9 is described with
reference to example method 800 in FIG. 8 and beamforming HWA 700 in FIG. 7. To illustrate step
885, address generator 715, buffer 720, and SLC 725 can load a range slice 905 from corrected
Doppler matrix 825 in memory. In this example, range slice 905 includes received beat signals
cotresponding to a particular RX antenna RX0. Address generator 715 generates a look-up address
for the received beat signals corresponding to the particular range slice, buffer 720 stores them, and
SLC 725 enables them to be transposed, accomplishing the transpose step 830.

[0056] Similarly, address generator 730, buffer 735, and SLC 740 can load a TX demodulation
matrix 910 from the memory. Multiplier 754 in MAC 750 multiplies the outputs of SLCs 725 and
740 together to accomplish TX decoding step 840 and obtain a decoded range slice 915, which is
stored unchanged in buffer 780. Address generator 790 generates a storage address for decoded range
slice 915 in the memory, and SLC 785 enables decoded range slice 915 to be transposed at step 880
before it is stored in the memory as part of transposed, decoded Doppler matrix 855.

[0057] Step 890 is discussed in more detail previously herein with reference to the operation of
beamforming HWA 700. To briefly illustrate step 890, address generator 715, buffer 720, and SLC
725 can load a range slice from transposed, decoded Doppler matrix 855 in memory. Address
generator 715 generates a look-up address for the particular range slice, buffer 720 stores it, and SLC
725 outputs it to multiplier 754 in MAC 750. Similarly, address generator 730, bufter 735, and SLC
740 can load a steering slice from a 2D steering matrix in the memory.

[0058] In MAC 750, multiplier 754 multiplies the outputs of SLCs 725 and 740 together and
provides the result to accumulator 758, which sums the result with an intermediate slice stored in
buffer 780, for example, and completes beamforming step 860 to obtain the intermediate slice or, in
response to the intermediate slice representing all antenna combinations for the particular velocity
bins and hypothesis angles, beamforming data matrix 865. SLC 760 receives beamforming data
matrix 865 from accumulator 758 and provides it to magnitude circuit 770, which performs a
magnitude or log magnitude operation on beamforming data matrix €65 and completes log
magnitude step 870. The resulting processed data matrix 895 is stored in buffer 780. Address
generator 790 generates a storage address for processed data matrix €95 in the memory, and SLC

785 enables processed data matrix 895 to be transposed before it is stored in the memory.
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[0059] FIG. 10 illustrates an example data addressing flow for data input to and output from a
beamforming engine. Table 1010 illustrates the data point storage order for a 2D range matrix
included in a 3D transposed Doppler matrix, such as 3D transposed Doppler matrix 345 in FIG. 3
and including data values sorted by antenna combination indexed by velocity bin and range bin,
(velocity bin x antenna combination x range bin). The Doppler FFT output does not store the data
values sequentially. As discussed in reference to FIG. 6B, a sample vector index such as X index
670 indicates which vectors to include in a particular range slice. Instead of beginning at zero and
incrementing by one as shown in FIG. 6B, X index 670 can be modified based on the data point
storage order shown in table 1010 to begin at and increment by a different number and cause the
beamformer to read the data in the order shown in table 1020. The beamformer performs
beamforming operations and stores the resulting beamforming slice in local data buffer 1030.
Selector logic circuit 1040 allows the beamforming slice in buffer 1030 to be transposed before it is
stored in memory in the order shown in table 1050.

[0060] Inthis example, each range sliceis a (4 x 4) matrix. A first range slice 1025 the beamformer
reads from memory includes vectors 1012, 1014, 1016, and 1018. The X index in this example is
equal to the bit reverse variable divided by four, the number of vectors included in each range slice.
This causes range slice 1025 to group the data indexes into columns. The resulting beamforming
slice in buffer 1030 is indexed in the read order for range slice 1025, but selector logic circuit 1040
can transpose the beamforming slice as it is stored, such that instead of grouping the data indexes
into columns, the stored beamforming slice groups the data indexes into rows.

[0061] In this description, the term “couple” or “couples” means either an indirect or direct wired
or wireless connection. Thus, if a first device couples to a second device, that connection may be
through a direct connection or through an indirect connection via other devices and connections. The
recitation “based on” means “based at least in part on.” Therefore, if X is based on Y, X may be
a function of Y and any number of other factors. The embodiments are described herein with
reference to FTs and FFTs, but may be generalized to other types of time domain to frequency
domain transforms such as sine and cosine transforms, and the like.

[0062] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A non-transitory computer-readable medium storing instructions to:
obtain a NxM range matrix comprising data from a radar circuit, the range matrix indexed by N
velocity bins and M antenna combinations and further comprising a plurality of unique XxY range
slices;
obtain a MxS steering matrix comprising expected phases, the steering matrix indexed by the M
antenna combinations and S hypothesis angles and further comprising a plurality of YXZ steering
vector slices;
until the data for all range slices corresponding to a particular set of X velocity bins are
incorporated in an intermediate slice, iteratively:
store a particular range slice corresponding to the particular set of X velocity bins and a
particular set of Y antenna combinations of the M antenna combinations in a first data
buffer; and
until the expected phases for the particular set of Y antenna combinations and the S
hypothesis angles are incorporated in the intermediate slice, iteratively:
store a particular steering vector slice corresponding to the particular set of Y antenna
combinations and a particular set of Z hypothesis angles of the S hypothesis angles
in a second data buffer;
perform beamforming operations on the particular range slice, the particular steering
vector slice, and the intermediate slice stored in a third data buffer to obtain a result;
and
store the result in the third data buffer as the intermediate slice; and
store the intermediate slice as a beamforming slice for the particular set of X velocity bins and
the S hypothesis angles.
2. The computer-readable medium of claim 1, wherein the instructions to perform beamforming
operations include instructions to multiply and sum the particular range slice, the particular steering
vector slice, and the intermediate slice stored in the third data buffer.
3. The computer-readable medium of claim 2, wherein the instructions to multiply and sum the
particular range slice, the particular steering vector slice, and the intermediate slice include

instructions to:
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multiply the particular steering vector slice and the particular range slice to obtain a
multiplication result; and

sum the multiplication result and the intermediate slice to obtain the result.
4. The computer-readable medium of claim 3, further comprising instructions to in response to
storing a plurality of beamforming slices corresponding to all N velocity bins, generate a NxS
beamforming matrix comprising the plurality of beamforming slices.
5. The computer-readable medium of claim 1, wherein the instructions to store the particular range
slice in the first data buffer comprise instructions to:

generate an address for the particular range slice based on a N index and a M index, wherein the
N index represents the particular set of X velocity bins to be included in the particular range slice,
wherein the M index represents the particular set of Y antenna combinations to be included in the
particular range slice;

increment the M index by Y in response to the result being stored in the third data buffer as the
intermediate slice for all steering vector slices corresponding to the particular set of Y antenna
combinations included in the particular range slice; and

increment the N index by X in response to the intermediate slice being stored as the beamforming
slice.
6. The computer-readable medium of claim 5, wherein the instructions to store the particular steering
vector slice in the second data buffer comprise instructions to:

generate an address for the particular steering vector slice based on the M index and a S index,
wherein the S index represents the particular set of Z hypothesis angles to be included in the
particular steering vector slice; and

increment the S index by Z in response to the result being stored in the third data buffer as the
intermediate slice.
7. The computer-readable medium of claim 6, wherein the instructions to store the intermediate slice
as the beamforming slice comprise instructions to generate an address for the beamforming slice
based on the N index.
8. An apparatus, comprising:

one or more processor cores; and

one or more non-transitory computer-readable mediums storing machine instructions which,

when executed by the one or more processor cores, cause the one or more processor cores to:

18



WO 2022/103608 PCT/US2021/057500

obtain a data matrix; and
iteratively:
store a data slice from the data matrix in a data buffer, wherein the data slice comprises
a unique portion of the data matrix;
perform correlation operations on the data slice in the data buffer to obtain a calculated
data slice for the data slice; and
store the calculated data slice.
9. The apparatus of claim 8, wherein the data buffer comprises a first data buffer, wherein the
machine instructions to perform correlation operations cause the one or more processor cores to
multiply and sum the data slice, a reference matrix, and an intermediate slice, and wherein the
machine instructions to multiply and sum the data slice, the reference matrix, and the intermediate
slice cause the one or more processor cores to iteratively:
store a reference slice from the reference matrix in a second data buffer, wherein the reference
slice comprises a unique portion of the reference matrix corresponding to an indexing range included
in the data slice;
multiply the reference slice and the data slice to obtain a result;
sum the result and the intermediate slice to obtain a portion of the calculated data slice; and
store the portion of the calculated data slice as the intermediate slice.
10. The apparatus of claim 9, further comprising a hardware accelerator (HWA), wherein the HWA
comprises:
a first address generator configured to:
generate an address for the data slice, such that the data slice comprises the unique portion
of the data matrix;
provide the address for the data slice to a memory interface system,;
the data buffer comprising a first data buffer configured to store the data slice;
a first selector logic circuit (SLC) coupled to the first data buffer and configured to selectively
output a transposed data slice;
a multiplier and accumulator (MAC) coupled to the first SLC and configured to:
perform vector multiplications using the transposed data slice; and
sum a multiplication result and an intermediate slice from a second data buffer;

a second SLC coupled to the first SLC and to the MAC and configured to selectively output one
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of the transposed data slice, the multiplication result, and a summation result;
the second data buffer coupled to an output of the second SLC and configured to store the output
of the second SLC;
a third SLC coupled to the second data buffer and configured to selectively output a calculated
data slice, wherein the calculated data slice comprises a transposed summation result; and
a second address generator configured to:
generate an address for the calculated data slice, such that each calculated data slice
comprises a unique portion of a calculated data matrix; and
provide the address for the calculated data slice to the memory interface system.
11. The apparatus of claim 10, wherein the HWA further comprises a magnitude circuit coupled
between the second SLC and the second data buffer and configured to selectively:
perform a magnitude operation on the summation result to obtain calculated data, wherein the
calculated data slice comprises transposed calculated data; and
output the output of the second SLC unchanged.
12. The apparatus of claim 10, wherein the HWA further comprises:
a third address generator configured to:
generate an address for a reference slice in a reference matrix, such that each reference slice
comprises a unique portion of the reference matrix;
provide the address for the reference slice to the memory interface system;
a third data buffer configured to store the reference slice from the memory interface system; and
a fourth SLC coupled to the third data buffer, wherein the fourth SLC is configured to output the
reference slice, wherein the MAC is further coupled to the fourth SLC and configured to multiply
the transposed data slice by the reference slice.
13. The apparatus of claim 12, wherein the data matrix comprises a range matrix from a radar circuit,
wherein the range matrix corresponds to a range bin and comprises data from the radar circuit
indexed by velocity bin and antenna combination, wherein each data slice comprises a matrix
indexed by velocity bin and antenna combination, wherein the reference matrix comprises a steering
matrix, and wherein the steering matrix comprises a number of steering vectors indexed by antenna
combination and hypothesis angle.
14. The apparatus of claim 13, wherein each calculated data slice is stored using a steering vector

index and a velocity bin index, such that a particular calculated data slice is stored at a memory

20



WO 2022/103608 PCT/US2021/057500

location corresponding to a steering vector index of a corresponding particular steering vector and a
velocity bin index of a corresponding particular range slice.
15. The apparatus of claim 13, further comprising the radar circuit, wherein the machine instructions
to obtain the data matrix cause the one or more processor cores to:

cause the radar circuit to transmit a plurality of chirp signals;

cause the radar circuit to generate a three-dimensional (3D) sampled data matrix, wherein the 3D
sampled data matrix comprises received beat signals corresponding to the plurality of chirp signals
indexed by antenna and sampling time;

perform a range fast Fourier transform (FFT) on the 3D sampled data matrix to obtain a 3D range
matrix, wherein the 3D range matrix comprises data sorted by range bins indexed by antenna and
sampling time;

transpose the 3D range matrix to obtain a transposed 3D range matrix;

perform a Doppler FFT on the transposed 3D range matrix to obtain a 3D Doppler matrix,
wherein the 3D Doppler matrix comprises data sorted by velocity bins indexed by antenna and range
bin;
transpose the 3D Doppler matrix to obtain a transposed 3D Doppler matrix, wherein the
transposed 3D Doppler matrix comprises velocity data for antenna sorted by range bin; and

obtain the range matrix from the transposed 3D Doppler matrix.
16. The apparatus of claim 15, wherein the radar circuit comprises:

an oscillator configured to generate the plurality of chirp signals;

a transmitter (TX) antenna unit coupled to the oscillator and configured to transmit the plurality
of chirp signals;

areceiver (RX) antenna unit configured to receive reflections of the transmitted plurality of chirp
signals;

a baseband module coupled to the RX antenna unit and configured to generate the received beat
signals based on the received reflections of the transmitted plurality of chirp signals; and

an analog to digital converter coupled to the baseband module and configured to sample the
received beat signals to generate the 3D sampled data matrix.
17. The apparatus of claim 15, wherein the radar circuit comprises a time-division multiplexing,
multiple-input multiple-output radar circuit, wherein an antenna index comprises an RX antenna

index, wherein the antenna combination comprises an RX antenna and a TX antenna, and wherein
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the machine instructions to obtain the range matrix from the transposed 3D Doppler matrix further
cause the one or more processor cores to:
multiply the transposed 3D Doppler matrix by a demodulation matrix to obtain a modified
transposed 3D Doppler matrix, wherein the modified transposed 3D Doppler matrix comprises
velocity data for antenna combination sorted by range bin; and
obtain the range matrix from the modified transposed 3D Doppler matrix.
18. The apparatus of claim 17, wherein:
the first address generator is further configured to:
generate an address for an RX antenna slice in the transposed 3D Doppler matrix, such that
each RX antenna slice comprises a unique portion of the transposed 3D Doppler matrix
and corresponds to a particular RX antenna;
provide the address for the RX antenna slice to the memory interface system;
the first data buffer is further configured to store the RX antenna slice from the memory interface
system;
the first SLC is further configured to output the RX antenna slice;
the MAC is further configured to multiply the RX antenna slice by the demodulation matrix to
obtain a modified RX antenna slice, wherein the modified RX antenna slice comprises the RX
antenna slice indexed by TX antenna;
the third SLC is further configured to selectively output a modified transposed Doppler slice,
wherein the modified transposed Doppler slice comprises a transposed modified RX antenna slice;
and
the second address generator is further configured to:
generate an address for the modified transposed Doppler slice, such that each modified
transposed Doppler slice comprises a unique portion of the modified transposed 3D
Doppler matrix; and
provide the address for the modified transposed Doppler slice to the memory interface
system.
19. The apparatus of claim 18, wherein:
the third address generator is further configured to:
generate an address for a demodulation slice in the demodulation matrix, such that each

demodulation slice comprises a unique portion of the demodulation matrix;
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provide the address for the demodulation slice to the memory interface system;
the third data buffer is further configured to store the demodulation slice from the memory
interface system; and
the fourth SLC is further configured to output the demodulation slice; and
the MAC is further configured to multiply the RX antenna slice by the demodulation slice.
20. A circuit, comprising:
a first address generator configured to:
generate an address for a particular XxY range slice from a NxM range matrix such that the
particular range slice comprises a unique portion of the NxM range matrix;
provide the address for the particular range slice to a memory interface system;
a first data buffer configured to store the particular range slice from the memory interface system;
a first selector logic circuit (SLC) coupled to the first data buffer and configured to output a first
SLC output, the first SLC output selectively comprising the particular range slice or a transposed
range slice;
a multiplier and accumulator (MAC) coupled to the first SLC and configured to:
perform vector multiplication using the first SLC output; and
sum a multiplication result and stored data from a second data buffer;
a second SLC coupled to the first SLC and the MAC, wherein the second SLC is configured to
output one of the transposed range slice, the multiplication result, and a summation result;
the second data buffer coupled to an output of the second SLC and configured to store a second
SLC output;
a third SLC coupled to the second data buffer and configured to output a beamforming slice,
wherein the beamforming slice comprises a transposed summation result; and
a second address generator configured to:
generate an address for the beamforming slice, such that the beamforming slice comprises a
unique portion of a beamforming matrix; and
provide the address for the beamforming slice to the memory interface system.
21. The circuit of claim 20, wherein the NxM range matrix corresponds to a range bin and comprises
velocity data for antenna combinations in a radar circuit.
22. The circuit of claim 20, further comprising a magnitude circuit coupled between the second SLC

and the second data buffer and configured to selectively:
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perform a magnitude operation on the summation result to obtain beamforming data, wherein
the beamforming slice comprises a transposed beamforming data; or
output the second SLC output unchanged.
23. The circuit of claim 20, wherein the MAC is further configured to multiply the transposed range
slice by a MxS steering matrix, wherein the MxS steering matrix comprises a number of steering
vectors.
24. The circuit of claim 23, further comprising:
a third address generator configured to:
generate an address for a particular XxZ steering slice, such that each particular steering slice
comprises a unique portion of the MxS steering matrix;
provide the address for the particular steering slice to the memory interface system;
a third data buffer configured to store the particular steering slice from the memory interface
system; and
a fourth SLC coupled to the third data buffer, wherein the fourth SLC is configured to selectively
output the particular steering slice, and wherein the MAC is further coupled to the fourth SLC and
configured to multiply the first SLC output by the particular steering slice.
25. The circuit of claim 24, wherein the address for the beamforming slice comprises a steering
vector index and a velocity bin index, such that the beamforming slice is stored at a memory location
corresponding to a steering vector index of the particular steering slice and a velocity bin index of

the transposed range slice.

24



PCT/US2021/057500

WO 2022/103608

NOI10313d
103rga0

_ﬁ\ T TS ———
oLl \_“\ _\N\\ il A\ _\_\\\ _‘w i :\ _\_\\
| ,”// ,,/// ,/,/ ,,// \ V,r../l AV M./IU/I.
TOHLNOD |/ 09 ANV dO1S
3SINHD )
JALLdvAVY / ! !

NOIL9313d
103ra0

_ -~ - ~ N
~ - N N
NOILD313a
rAN) 10dS n_ZH._um\ B V
33303300
II\I\I\I\’\\ Jb oy
T
NOI1O313d /
10dS ANIg y /
h ~ ~ Ve d
~ -~ yd

NOILO3L3a ”
193ra0



PCT/US2021/057500

WO 2022/103608

2/10

1 7AN

AY1dSIa ¢ DIA
A
- - - - - - - - 00— 0 - 1
_ 052~[" 39vuoLs iee | |
_ A \ _
r—r——-r-=-""-""-"-"="=""/"""”""”"""”"""-"="-"="-= =
| ! Gez | 62z Al
| “ ova i 01 - > oz : |
|| Ll ¥ILLINSNVYL ° |
_ _ N_V
| | | _
_ _
eez | | zee [132 _ A _
AN _ o 00 »|  31Naow " !
HHOMLAN [ ¥0SSIO0Yd HITIOHLNOD _ _
! TWNOIS ONINIL d¥IHO _ > N_V |
_ _ _ o
|| | %42 1
YAAIFOTY
_ ! IINCOW
" " oav ! aNveasve [+ A "
_ _ \
e e e e e e e o o o — —— — — -
1INO¥ID
OON.\‘_ OM\Nl J40D NdD O_‘N.\' HOSNAS ¥vavy €ce _
- - _ 1



PCT/US2021/057500

WO 2022/103608

30118

._
ONINHONY3E + - . (3719NV SISTHLOdAH
0Ly /_:.m i “.“ ¥ "OId X NOLLYNIEWOD YNNILNY)
&c. -7 XTYLVYN ONIY3ILS az
rx 0cP
(S31ONV SISFHLOJAH ¥NOA L

3/10

VNN3LNV TV

X SNOLLYNIEWOO YNNILNY ¥n0d) ¢
301 ¥OLOIA ONRIFALS \_\r p

(STTONY vy :\g\_:ﬁ :
SISTHLOdAH jva Py F_ﬁr.-.“
¥N04 IHL ANV SNIg At x:_\_ Y :ﬁ_\_uc_. 4
ALIOOT3A ¥NO4 FHL ¥O4 ( T_H u
SNOLLYNIENOD T

+ e
A=
wqm* -1
(y M0
Pt <
xvvn.\u -7
k=~
K\. g
09y
20118
3LVIGINHILNI
4
ro 1=
(SNOLLYNISWOO VNNIINY 457" ObY
¥NO4XSNIGALIOOTIA ~ e-— (NOLLYNISWOO
§N04) 3971S FONVY VNNZLNY X NIg ALIDOT3A)

XTY1VA JONVY a¢

¢ DIA

XTULVA YLV - G6E
43SS300¥d

Tllllq |||||| i

JANLINOYIN 901 +~ 09¢ "
1 -sse

Gpe

_
_
_
_
" ¥INHO4 Wy3g
_
_
_
_

Is0dsnwyL - OVE “

e _
~-GeE 0/€
144¥31dd0d  ~_ 0ee
A
™-GZ¢
3SOdSNVIL Nz
A
~-GlE
144 39NVH ~_0LE
t

XTH1VA VLIVA A3 TdAVS ~_ G0¢



WO 2022/103608 PCT/US2021/057500
RANGE SLICE 410
(XVELOCITYBINSXY ~ <a
ANTENNA COMBINATIONS) ==}
SATr1 | NVELOCITY
¥ | BINS
11 515 2D RANGE
MATRIX
> 510
920
M ANTENNA
COMBINATIONS
X
A ,;J: M ANTENNA
STEERINGVECTORSLICE ~Z=4{ri |  COMBINATIONS
(Y ANTENNA COMBINATIONS {-;{ijl{;'m 520 2D STEERING
L Ej e MATRIX
| . 540
A=A
LS
A=At | NVELOCITY
BEAMFORMING SLICE A | BINS
(X VELOCITY BINS g 515
x Z HYPOTHESIS ANGLES)
570~
> 580
BEAMFORMING
MATRIX
r_
(-1 /S HYPOTHESIS
ANGLES FIG. 5




WO 2022/103608

PCT/US2021/057500

RANGE SLICE
(X VELOCITY BINS x Y
ANTENNA COMBINATIONS) =3 N VELOCITY
630 A BINS
615 2D RANGE
MATRIX
> 610
FIG. 6A M ANTENNA
COMBINATIONS
2D RANGE
MATRIX
610
X INDEX S INDEX MesD g
680 650
670
Yy \D’, \D’, \D/’ Y
A
I A
<
|

<>

AATATA

660

N INDEX

FIG. 6B



PCT/US2021/057500

WO 2022/103608

S0~ JOV4YILNI AHOWIN

G6.~_

LINN 3H0LS 1INN QYO
A + » A
O@N/ HOLVHANIO SSFdaav OMN./ HOLVYHIANTSD SSIHAAY m_m._.u_HOIw
XTHLYIN ONINSO4NY3E XTHLVIN ONIYIALS Lvowﬁ_d T4
il y344ng— 084 -
—rT )
L~ 97L ¥344nd
|||||||||||| - N
r A
| 127 I J/ 1592 /
" HOLYINWNOOY [=——(X " 17
| J
_ " mm\ ; " HOLVYINIO SSTHaay
| s J gLz XTHlv 3ONVYH @z
|| [3onmewweon) || FT T T T \_\
01" AANLINOVA | | ol
: 1 _ b1 ] -
Lo —l___ i }
N R -
8? [\ 8. ——
- ¥31dng
t - \ ~
AN 0L 00
r4774
NOLLVOITdLLINN HOL103A ) Gel
3SOdSNVAL

L "DId

JOVUILNI AHOWIN 504

| ~0L4




WO 2022/103608 PCT/US2021/057500

7/10

800

805~ RANGE DATA

Y

810~ DOPPLER FFT
815~

A 4

820~ DOPPLER
CORRECTION

825~

| |
| |
| |
| v |
: 840~ TX DECODING :
| |
| |
| |
| |

845"
8501 TRANSPOSE
e
A | 8
|_8§5_ 8557
\

8601 BEAM FORMING

865
8701 LOG MAGNITUDE

|

|

|

L
J
(S

FIG. 8



PCT/US2021/057500

WO 2022/103608

e - V6 DIA

XY Iy
Xy
XL XY
)¢S
£Xy

_
_
_
_
_
_
_
€6 914 011 XLy &% 2L o068
_
_
_
_
_
_
_
1

0Xy
o
OXLy 1%y
0xd -y

96¢

96¢




PCT/US2021/057500

WO 2022/103608

9/10

G
XTHLVIA VLVA d3SS300¥d -~ 68

XYLV ONI¥3ALS 5¢6

96 -—

A

[43

0G.

> V6 'OI4 NOY4




OT "DId

PCT/US2021/057500

10/10

WO 2022/103608

e | 29 | 19 | 09 e |1 | | g e | e | | o
e | oe | 62 | 82 9 | o | o | w 65 | ez | 68 | ¢
w| o | sv | w 9 | 6z | s | e ElRAEARN
s | v e | o ‘ o sz | w2 | 1| |6 |se| ¢ |80
65 | 85 | 45 | 9 G| 6ljse| ¢ 6s | 22 |ev | w | [0 |6 o | &
gl|lela|w| I IS8 |®IC] . Je|o|a|o ¢ | 1z | £ | ¢
ev |z | W | or il s |se|w |6 | [ || w6
o |6 | 8 |« | 8r]9r]ee) 0 o | w2 |ov | 8 | 1| e | o |ee| s PO
o5 | ¥5 | s | z¢ , i \ s | e |6c | 2| [ | o o | ]
€ | @ | 12| oC V/ ”_m_m“_:m v | 22 | 8¢ | 9 v | 2 | 8¢ | 9
6e | 8e | 16 | 9 | OVOL gy, es |tz || s | [ |0 |
Lelwlelv] Tulo]n] el
s | os | e | 8y |1 | s |6 [se| €[t oo |8 |w|a
6L | 8 | L | 9 “ " os | 8 | v | ¢ " s | oz | 9 | ¥
e | & | g€ | 2 “ mmov\_ 6v | L | €8 | | “ IEAEIE2ARN
L LN I A L N U ] LA B I U [ A1)
¥ANHONY3E HIWNHOWY3E (AYOWZW ND)
A8 ¥30YO LRIM A8 Y30 Qv LNALNO 144 INIOd-19
= = —
0Ss0L 001 0ilol



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 2021/057500

A. CLASSIFICATION OF SUBJECT MATTER

G018 13/02 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO1S 13/00, 13/02, 7/00, 7/02

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSearch (RUPTO Internal), USPTO, PAJ, Espacenet, Information Retrieval System of FIPS

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
US 2013/0325820 A1 (CLEVERSAFE INC.) 05.12.2013,
X paragraphs [0057], [0091], [0138], [140], [0154], [0184] 8
A 9-19
A CN 110376587 A (UNIV BEIHANG) 25.10.2019, paragraphs [0003], [0075] 1-7
A WO 2018/160395 A1 (SRIINTERNATIONAL) 07.09.2018, paragraphs [0058], 20-25
[0064], [0072], claims 2, 5
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “1” later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered

to be of particular relevance

“D”  document cited by the applicant in the international application
“E”  earlier document but published on or after the international filing date
“L”  document which may throw doubts on priority claim(s) or which is

cited to establish the publication date of another citation or other

special reason (as specified)

“0”  document referring to an oral disclosure, use, exhibition or other
means
“P”  document published prior to the international filing date but later than

the priority date claimed

date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

18 January 2021 (18.01.2021)

Date of mailing of the international search report

03 February 2022 (03.02.2022)

Name and mailing address of the [SA/RU:

Federal Institute of Industrial Property,
Berezhkovskaya nab., 30-1, Moscow, G-59,

GSP-3, Russia, 125993

Facsimile No: (8-495) 531-63-18, (8-499) 243-33-37

Authorized officer
V. Alexandrov

Telephone No. 8(495)531-64-81

Form PCT/ISA/210 (second sheet) (July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - wo-search-report

