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METHOD AND APPARATUS FOR OBJECT DETECTION USING A BEAM
STEERING RADAR AND CONVOLUTIONAL NEURAL NETWORK SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No. 62/626,569,
filed on February 5% 2018, and is related to U.S. Patent Application No. 16/240,666, filed on

January 4™ 2019, and which itself claims priority to U.S. Provisional Application No.
62/613,675, filed on January 4% 2018, both incorporated herein by reference in their entirety.

BACKGROUND

[0002] Autonomous driving is quickly moving from the realm of science fiction to
becoming an achievable reality. Already in the market are Advanced-Driver Assistance
Systems (“ADAS”) that automate, adapt and enhance vehicles for safety and better driving,
The next step will be vehicles that increasingly assume control of driving functions such as
steering, accelerating, braking and monitoring the surrounding environment and driving
conditions to respond to events, such as changing lanes or speed when needed to avoid traffic,
crossing pedestrians, animals, and so on. The requirements for object and image detection are
critical and specify the time required to capture data, process it and turn it into action. All this
while ensuring accuracy, consistency and cost optimization.

[0003] An aspect of making this work is the ability to detect and classify objects in the
surrounding environment at the same or possibly even better level as humans. Humans are
adept at recognizing and perceiving the world around them with an extremely complex human
visual system that essentially has two main functional parts: the eye and the brain. In
autonomous driving technologies, the eye may include a combination of multiple sensors, such
as camera, radar, and lidar, while the brain may involve multiple artificial intelligence, machine
learning and deep learning systems. The goal is to have full understanding of a dynamic, fast-
moving environment in real time and human-like intelligence to act in response to changes in

the environment.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present application may be more fully appreciated in connection with the
following detailed description taken in conjunction with the accompanying drawings, which
are not drawn to scale and in which like reference characters refer to like parts throughout, and
wherein:

[0005] FIG. 1 illustrates an example environment in which a beam steering radar system
in an autonomous vehicle is used to detect and identify objects;

[0006] FIG. 2 is a schematic diagram of an autonomous driving system for an autonomous
vehicle in accordance with various examples;

[0007] FIG. 3 is a schematic diagram of a beam steering radar system as in FIG. 2 in
accordance with various examples;

[0008] FIG. 4 is a flowchart for operating the beam steering radar system implemented as
in FIG. 3 in accordance with various examples;

[0009] FIG. 5 illustrates a radar signal and its associated scan parameters in accordance
with various examples;

[0010] FIG. 6 illustrates a graph showing the range resolution per bandwidth of a beam
steering radar system in accordance with various examples;

[0011] FIGs. 7A-B illustrate example trade-offs between scan parameters and design goals;
[0012] FIG. 8A illustrates a flowchart for adjusting scan parameters in accordance with
various examples;

[0013] FIG. 8B illustrates example scan parameters for the adjustment as in FIG. 8A;
[0014] FIG. 9 illustrates a flowchart for adjusting scan parameters in accordance with
various examples;

[0015] FIG. 10 illustrates a flowchart for adjusting scan parameters in accordance with
various examples; and

[0016] FIG. 11 illustrates example scan parameters for the adjustment of FIG. 10.

DETAILED DESCRIPTION
[0017] Methods and apparatuses for object detection using a beam steering radar and
convolutional neural network system are disclosed. The methods and apparatuses include the

acquisition of raw data by a beam steering radar in an autonomous vehicle and the processing
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of that data through a perception module to extract information about multiple objects in the
vehicle’s Field-of-View (“FoV”). This information may be parameters, measurements or
descriptors of detected objects, such as location, size, speed, object categories, and so forth.
The objects may include structural elements in the vehicle’s FoV such as roads, walls, buildings
and road center medians, as well as other vehicles, pedestrians, bystanders, cyclists, plants,
trees, animals and so on. The beam steering radar incorporates at least one beam steering
antenna that is dynamically controlled such as to change its electrical or electromagnetic
configuration to enable beam steering. The dynamic control is aided by the perception module,
which upon identifying objects in the vehicle’s FoV, informs the beam steering radar where to
steer its beams and focus on areas of interest by adjusting its radar scan parameters.

[0018] It is appreciated that, in the following description, numerous specific details are set
forth to provide a thorough understanding of the examples. However, it is appreciated that the
examples may be practiced without limitation to these specific details. In other instances, well-
known methods and structures may not be described in detail to avoid unnecessarily obscuring
the description of the examples. Also, the examples may be used in combination with each
other.

[0019] FIG. 1 illustrates an example environment in which a beam steering radar system
in an autonomous vehicle is used to detect and identify objects. Ego vehicle 100 is an
autonomous vehicle with a beam steering radar system 106 for transmitting a radar signal to
scan a FoV or specific area. As described in more detail below, the radar signal is transmitted
according to a set of scan parameters that can be adjusted to result in multiple transmission
beams 118. The scan parameters may include, among others, the total angle of the scanned area
from the radar transmission point, the power of the transmitted radar signal, the scan angle of
each incremental transmission beam, as well as the angle between each beam or overlap
therebetween. The entire FoV or a portion of it can be scanned by a compilation of such
transmission beams 118, which may be in successive adjacent scan positions or in a specific or
random order. Note that the term FoV is used herein in reference to the radar transmissions and
does not imply an optical FoV with unobstructed views. The scan parameters may also indicate
the time interval between these incremental transmission beams, as well as start and stop angle

positions for a full or partial scan.
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[0020] In various examples, the ego vehicle 100 may also have other perception sensors,
such as camera 102 and lidar 104. These perception sensors are not required for the ego vehicle
100, but may be useful in augmenting the object detection capabilities of the beam steering
radar system 106. Camera sensor 102 may be used to detect visible objects and conditions and
to assist in the performance of various functions. The lidar sensor 104 can also be used to detect
objects and provide this information to adjust control of the vehicle. This information may
include information such as congestion on a highway, road conditions, and other conditions
that would impact the sensors, actions or operations of the vehicle. Camera sensors are
currently used in Advanced Driver Assistance Systems (“ADAS”) to assist drivers in driving
functions such as parking (e.g., in rear view cameras). Cameras are able to capture texture,
color and contrast information at a high level of detail, but similar to the human eye, they are
susceptible to adverse weather conditions and variations in lighting. Camera 102 may have a
high resolution but cannot resolve objects beyond 50 meters.

[0021] Lidar sensors typically measure the distance to an object by calculating the time
taken by a pulse of light to travel to an object and back to the sensor. When positioned on top
of a vehicle, a lidar sensor is able to provide a 360° 3D view of the surrounding environment.
Other approaches may use several lidars at different locations around the vehicle to provide the
full 360° view. However, lidar sensors such as lidar 104 are still prohibitively expensive, bulky
in size, sensitive to weather conditions and are limited to short ranges (typically < 150-200
meters). Radars, on the other hand, have been used in vehicles for many years and operate in
all-weather conditions. Radars also use far less processing than the other types of sensors and
have the advantage of detecting objects behind obstacles and determining the speed of moving
objects. When it comes to resolution, lidars’ laser beams are focused on small areas, have a
smaller wavelength than RF signals, and are able to achieve around 0.25 degrees of resolution.
[0022] In various examples and as described in more detail below, the beam steering radar
system 106 is capable of providing a 360°true 3D vision and human-like interpretation of the
ego vehicle’s path and surrounding environment. The radar system 106 is capable of shaping
and steering RF beams in all directions in a 360° FoV with a beam steering antenna module
(having at least one beam steering antenna) and recognize objects quickly and with a high

degree of accuracy over a long range of around 300 meters or more. The short range capabilities
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of camera 102 and lidar 104 along with the long range capabilities of radar 106 enable a sensor
fusion module 108 in ego vehicle 100 to enhance its object detection and identification.
[0023] Attention is now directed to FIG. 2, which illustrates a schematic diagram of an
autonomous driving system for an ego vehicle in accordance with various examples.
Autonomous driving system 200 is a system for use in an ego vehicle that provides some or
full automation of driving functions. The driving functions may include, for example, steering,
accelerating, braking, and monitoring the surrounding environment and driving conditions to
respond to events, such as changing lanes or speed when needed to avoid traffic, crossing
pedestrians, animals, and so on. The autonomous driving system 200 includes a beam steering
radar system 202 and other sensor systems such as camera 204, lidar 206, infrastructure sensors
208, environmental sensors 210, operational sensors 212, user preference sensors 214, and
other sensors 216. Autonomous driving system 200 also includes a communications module
218, a sensor fusion module 220, a system controller 222, a system memory 224, and a V2V
communications module 226. It is appreciated that this configuration of autonomous driving
system 200 is an example configuration and not meant to be limiting to the specific structure
illustrated in FIG. 2. Additional systems and modules not shown in FIG. 2 may be included in
autonomous driving system 200.

[0024] In various examples, beam steering radar system 202 includes at least one beam
steering antenna for providing dynamically controllable and steerable beams that can focus on
one or multiple portions of a 360° FoV of the vehicle. The beams radiated from the beam
steering antenna are reflected back from objects in the vehicle’s path and surrounding
environment and received and processed by the radar system 202 to detect and identify the
objects. Radar system 202 includes a perception module that is trained to detect and identify
objects and control the radar module as desired. Camera sensor 204 and lidar 206 may also be
used to identify objects in the path and surrounding environment of the ego vehicle, albeit at a
much lower range.

[0025] Infrastructure sensors 208 may provide information from infrastructure while
driving, such as from a smart road configuration, bill board information, traffic alerts and
indicators, including traffic lights, stop signs, traffic warnings, and so forth. This is a growing
area, and the uses and capabilities derived from this information are immense. Environmental

sensors 210 detect various conditions outside, such as temperature, humidity, fog, visibility,
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precipitation, among others. Operational sensors 212 provide information about the functional
operation of the vehicle. This may be tire pressure, fuel levels, brake wear, and so forth. The
user preference sensors 214 may be configured to detect conditions that are part of a user
preference. This may be temperature adjustments, smart window shading, etc. Other sensors
216 may include additional sensors for monitoring conditions in and around the vehicle.
[0026] In various examples, the sensor fusion module 220 optimizes these various
functions to provide an approximately comprehensive view of the vehicle and environments.
Many types of sensors may be controlled by the sensor fusion module 220. These sensors may
coordinate with each other to share information and consider the impact of one control action
on another system. In one example, in a congested driving condition, a noise detection module
(not shown) may identify that there are multiple radar signals that may interfere with the
vehicle. This information may be used by a perception module in radar 202 to adjust the radar’s
scan parameters so as to avoid these other signals and minimize interference.

[0027] In another example, environmental sensor 210 may detect that the weather is
changing, and visibility is decreasing. In this situation, the sensor fusion module 220 may
determine to configure the other sensors to improve the ability of the vehicle to navigate in
these new conditions. The configuration may include turning off camera or lidar sensors 204-
206 or reducing the sampling rate of these visibility-based sensors. This effectively places
reliance on the sensor(s) adapted for the current situation. In response, the perception module
configures the radar 202 for these conditions as well. For example, the radar 202 may reduce
the beam width to provide a more focused beam, and thus a finer sensing capability.

[0028] In various examples, the sensor fusion module 220 may send a direct control to the
metastructure antenna based on historical conditions and controls. The sensor fusion module
220 may also use some of the sensors within system 200 to act as feedback or calibration for
the other sensors. In this way, an operational sensor 212 may provide feedback to the perception
module and/or the sensor fusion module 220 to create templates, patterns and control scenarios.
These are based on successful actions or may be based on poor results, where the sensor fusion
module 220 learns from past actions.

[0029] Data from sensors 202-216 may be combined in sensor fusion module 220 to
improve the target detection and identification performance of autonomous driving system 200.

Sensor fusion module 220 may itself be controlled by system controller 222, which may also
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interact with and control other modules and systems in the vehicle. For example, system
controller 222 may turn the different sensors 202-216 on and off as desired, or provide
instructions to the vehicle to stop upon identifying a driving hazard (e.g., deer, pedestrian,
cyclist, or another vehicle suddenly appearing in the vehicle’s path, flying debris, etc.)

[0030] All modules and systems in autonomous driving system 200 communicate with
each other through communication module 218. Autonomous driving system 200 also includes
system memory 224, which may store information and data (e.g., static and dynamic data) used
for operation of system 200 and the ego vehicle using system 200. V2V communications
module 226 is used for communication with other vehicles. The V2V communications may
also include information from other vehicles that is invisible to the user, driver, or rider of the
vehicle, and may help vehicles coordinate to avoid an accident.

[0031] FIG. 3 illustrates a schematic diagram of a beam steering radar system as in FIG. 2
in accordance with various examples. Beam steering radar system 300 is a “digital eye” with
true 3D vision and capable of a human-like interpretation of the world. The “digital eye” and
human-like interpretation capabilities are provided by two main modules: radar module 302
and a perception module 304. The radar module 302 includes at least one beam steering antenna
306 for providing dynamically controllable and steerable beams that can focus on one or
multiple portions of a 360° FoV of an autonomous ego vehicle. It is noted that current beam
steering antenna implementations are able to steer beams of up to 120-180° FoV. Multiple beam
steering antennas may be needed to provide steerability to reach the full 360° FoV.

[0032] In various examples, the beam steering antenna 306 is integrated with RFICs for
providing RF signals at multiple steering angles. The antenna may be a metastructure antenna,
a phase array antenna, or any other antenna capable of radiating RF signals in millimeter wave
frequencies. A metastructure, as generally defined herein, is an engineered structure capable of
controlling and manipulating incident radiation at a desired direction based on its geometry.
The metastructure antenna may include various structures and layers, including, for example,
a feed or power division layer to divide power and provide impedance matching, an RF circuit
layer with RFICs to provide steering angle control and other functions, and a metastructure
antenna layer with multiple microstrips, gaps, patches, vias, and so forth. The metastructure

layer may include a metamaterial layer. Various configurations, shapes, designs and
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dimensions of the beam steering antenna 306 may be used to implement specific designs and
meet specific constraints.

[0033] Radar control is provided in part by the perception module 304. Radar data
generated by the radar module 302 is provided to the perception module 304 for object
detection and identification. The radar data is acquired by the transceiver 308, which has a
radar chipset capable of transmitting the RF signals radiated by the metastructure antenna 306
and receiving the reflections of these RF signals. Object detection and identification in
perception module 304 is performed in a Machine Learning Module (“MLM”) 312 and in a
classifier 314. Upon identifying objects in the FoV of the vehicle, the perception module 304
provides object data and control instructions to antenna control 310 and scan parameter control
316 in radar module 302 for adjusting the beam steering and beam characteristics as needed.
Antenna control 310 controls antenna parameters such as the steering angle while the scan
parameter control 316 adjusts the scan parameters of the radar signal in transceiver 308. For
example, the perception module 304 may detect a cyclist on the path of the vehicle and direct
the radar module 302 to focus additional RF beams at a given steering angle and within the
portion of the FoV corresponding to the cyclist’s location.

[0034] The MLM 312, in various examples, implements a CNN that, in various examples,
is a fully convolutional neural network (“FCN”) with three stacked convolutional layers from
input to output (additional layers may also be included in the CNN). Each of these layers also
performs the rectified linear activation function and batch normalization as a substitute for
traditional L2 regularization and each layer has 64 filters. Unlike many FCNs, the data is not
compressed as it propagates through the network because the size of the input is relatively small
and runtime requirements are satisfied without compression. In various examples, the CNN
may be trained with raw radar data, synthetic radar data, lidar data and then retrained with radar
data, and so on. Multiple training options may be implemented for training the CNN to achieve
a good object detection and identification performance.

[0035] The classifier 314 may also include a CNN or other object classifier to enhance the
object identification capabilities of perception module 304 with the use of the velocity
information and micro-doppler signatures in the radar data acquired by the radar module 302.
When an object is moving slowly, or is moving outside a road lane, then it most likely is not a

motorized vehicle, but rather a person, animal, cyclist and so forth. Similarly, when one object
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is moving at a high speed, but lower than the average speed of other vehicles on a highway, the
classifier 314 uses this velocity information to determine if that vehicle is a truck or another
object which tends to move more slowly. Similarly, the location of the object, such as in the
far-right lane of a highway in some countries (e.g., in the United States of America) indicates
a slower-moving type vehicle. If the movement of the object does not follow the path of a road,
then the object may be an animal, such as a deer, running across the road. All of this information
may be determined from a variety of sensors and information available to the vehicle, including
information provided from weather and traffic services, as well as from other vehicles or the
environment itself, such as smart roads and smart traffic signs.

[0036] Note that velocity information is unique to radar sensors. Radar data is in a multi-
dimensional format having data tuples of the form (7, 6;, ¢, 1;, vi), where r;, 8, ¢;represent the
location coordinates of an object with 7;denoting the range or distance between the radar system
300 and the object along its line of sight, 6;1s the azimuthal angle, and ¢; is elevation angle, /;
is the intensity or reflectivity indicating the amount of transmitted power returned to the
transceiver 308 and v;is the speed between the radar system 300 and the object along its line
of sight. The location and velocity information provided by the perception module 304 to the
radar module 302 enables the antenna control 310 and scan parameter control 316 to adjust its
parameters accordingly.

[0037] Attention is now directed to FIG. 4, which illustrates a flowchart for operating the
beam steering radar system implemented as in FIG. 3. First, the beam steering radar system
initiates a transmission of a beam steering radar scan with a set of scan parameters (400). The
radar scan may be, in various examples, a Frequency-Modulated Continuous Wave (“FMCW”)
signal. An FMCW signal enables the radar system to measure range to an object by measuring
the differences in phase or frequency between the transmitted signal and the received/reflected
signal or echo. Within FMCW formats, there are a variety of modulation patterns that may be
used, including triangular, sawtooth, rectangular and so forth, each having advantages and
purposes. Within an FMCW signal, there may be multiple waveforms or chirps, each
corresponding to a transmission beam. When a transmission beam encounters an object, the
beam will reflect off the object and the return signal or echo is received at the radar system

(402).
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[0038] The echo is analyzed by the MLLM at the perception module 304 to detect an object
(404). If an object is not detected, the beam steering radar system 300 continues to wait for
echoes with further scans. Note that the beam steering radar system does not stop transmitting
beams; scanning is accomplished as long as the ego vehicle is in operation. Once the perception
module 304 indicates that an object has been detected in an echo, the object information such
as the object’s location and its velocity are extracted and sent to the radar module 302 (406).
The perception module 304 may also send information on where to focus the radar beams in a
next scan. The object information will inform the scan parameter control 316 to adjust its scan
parameters (408) in various ways, such as described below with references to FIGs. 5-11. The
perception module 304 then classifies the object (410) and sends the object classification results
to a sensor fusion module in the vehicle to determine, in combination with object
detection/classification from other sensors, what control action (e.g., reduce speed, change
lanes, break, and so on), if any, to take on the vehicle.

[0039] FIG. 5 illustrates a radar signal and its associated scan parameters in more detail.
Radar signal 500 is an FMCW signal containing a series of chirps, such as chirps 502-506.
Signal 500 is defined by a set of parameters that impact how to determine an object’s location,
its resolution, and velocity. The parameters associated with the signal 500 and illustrated in
FIG. 5 include the following: (1) finax and fuin for the minimum and maximum frequency of the
chirp signal; (2) T for the total time for one chirp sequence; (3) 7yl representing the settling
time for a Phase Locked Loop (“PLL”) in the radar system; (4) 7yeqs for the actual measurement
time (e.g., > 2 us for a chirp sequence to detect objects within 300 meters); (5) 7wip for the total
time of one chirp; (6) 7 epear for the repeat time between chirps; (7) B for the total bandwidth of
the chirp; (8) By for the effective bandwidth of the chirp; (9) AB.gfor the bandwidth between
consecutive measurements; (10) N, for the number of measurements taken per chirp (i.e., for
each chirp, how many measurements will be taken of echoes); and (11) N, the number of chirps
per sequence.

[0040] The distance and distance resolution of an object are fully determined by the chirp
parameters NV, and Begas follows and as illustrated in FIG. 6 with graph 600 showing the range

resolution per bandwidth B:

(o 1

Ripin = AR =

TR (Eq.

-10-
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(o 1

(Eq. 2)

= —_— o —m
Rmax 4’Beff Nr ABeff

The velocity and velocity resolution of an object are fully determined by chirp sequence
parameters as well. The minimum velocity or resolution achieved is determined as follows
(with ¢ denoting the speed of light):

c 1 1

Vmin = Av = —
t 2fc NsTrepeat  Ttot

(Eq. 3)

Note that higher radar frequencies give better velocity resolution for the same sequence

parameters. The maximum velocity is given by:

c 1 1

(Eq. 4)

Umax = T+ (S8
4fc Trepeat Trepeat

[0041] Additional relationships between the scan parameters are given by the following
equations, with Eq. 5 denoting the sample rate, Eq. 6 denoting the time between consecutive
measurements At, Eq. 7 denoting the range resolution, Eq. 8 denoting the chirp time, and Eq.

9 denoting the maximum velocity:

f
fsample = —AkL (Eq. 5)

decimation
1

At = (Eq. 6)
fsample
1 Rma.x
Ryin = AR NyABuy; = N, (Eq. 7)
Tchirp =N, x At < Trepeat (Eq. 8)
Upay X 7= < —— o L2 (Eq. 9)

Trepeat  Tchirp  Rmax
[0042] Note that once the parameter Riqx 18 fixed, Viuax and Riin are no longer independent.
Also, the sample rate foumpre in Eq. 5 determines how fine a range resolution can be achieved
for a selected maximum velocity and range. Note also that Eqs. 1-9 below can be used to
establish scan parameters for given design goals. For example, to detect objects at high
resolution at long ranges, the radar system 300 needs to take a large number of measurements
per chirp. If the goal is to detect objects at high speed at long range, the chirp time has to be
low, limiting the chirp time. In the first case, high resolution detection at long range is limited
by the bandwidth of the signal processing unit in the radar system. And in the second case, high
maximum velocity at long range is limited by the data acquisition speed of the radar chipset

(which also limits resolution).

-11-
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[0043] FIGs. 7A-B illustrate example trade-offs between scan parameters and design goals.
In FIG. 7A, table 700 shows values for scan parameters for a single chirp sequence in which
the goal is to detect objects at long range. Note that increased speed and range of objects results
in lower distance resolution. Note also that velocity resolution can be increased by adding more
chirps in the sequence at a cost of increasing the total sequence time. In FIG. 7B, table 702
shows values for scan parameters for a single chirp sequence in which the goal is to detect
objects at short range. Note that distance resolution can be improved to a fine 0.2 meters, if the
maximum speed for a detected object is less than 20 m/s. Further, note that better velocity
resolution increases the sequence time. For example, a velocity resolution of 0.3 m/s needs a
sequence time of 7.1 ms.

[0044] The trade-offs between scan parameters and design goals in terms of object
detection capabilities enable multiple ways to adjust scan parameters during the operation of
the beam steering radar system. FIGs. 8A, 9 and 10 illustrate flowcharts for adjusting scan
parameters as desired and in accordance with various examples. In FIG. 8A, the beam steering
radar system first performs a low-resolution scan by, for example, using fewer measurement
points per chirp ramp and/or chirp number to reduce computational time, or by using fewer
chirps in a sequence to reduce measurement time (800). This scan is followed by a higher
resolution scan (802). The higher resolution scan is conducted for example in areas with
expected traffic (e.g., by using a map tool to predict where the road is 300 meters away from
the front of the ego vehicle), in areas that have been flagged as containing an object or multiple
objects during the low-resolution scan, or in areas that have been flagged by other sensors, e.g.,
by camera and/or lidar sensors in the ego vehicle. FIG. 8B shows example scan parameters for
the low-resolution scan in row 806 and the high-resolution scan in row 808. Note that the high-
resolution scan is conducted at twice as long the measurement time and four times as many
data points for processing as the low-resolution scan.

[0045] In FIG. 9, the beam steering radar system first performs a scan with a wider beam
width (900) and then rescans the FoV with a narrow beam (902). As with the higher resolution
scan of FIG. 8, the narrower scan is conducted for example in areas with expected traffic, in
areas that have been flagged as containing an object or multiple objects during the low
resolution scan, or in areas that have been flagged by other sensors, e.g., by camera and/or lidar

sensors in the ego vehicle. Note that both operations can be performed in parallel when the

-12-
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beam steering radar system is implemented with multiple antennas. Cross-talk can be omitted
by operating each set of antennas at a different frequency sub-band within an allowed frequency
band in the 76-81 GHz range. Note also that an antenna having a double beam width will allow
scanning a fixed FoV in half the time using the same scan parameters.

[0046] In FIG. 10, the beam steering radar system performs a first scan with high range
resolution, but lower absolute speed capture (1000). This is followed by a second scan at a
lower range resolution but high absolute speed capture (1002). Corresponding example scan
parameters are shown in FIG. 11 in table 1100, with row 1102 showing a high range resolution
scan with a maximum velocity of 30 m/s and row 1104 showing a low range resolution scan
with a maximum velocity of 85 m/s. Regardless of the method used to adjust scan parameters,
the beam steering radar system is capable of achieving multiple design goals and detecting
objects’ location and velocity in both short and long ranges. The objects are further classified
with the MLM in the perception module coupled to the radar module as shown in FIG. 3.
[0047] These various examples support autonomous driving with improved sensor
performance, all-weather/all-condition detection, advanced decision-making algorithms and
interaction with other sensors through sensor fusion. These configurations optimize the use of
radar sensors, as radar is not inhibited by weather conditions in many applications, such as for
self-driving cars. The radar described here is effectively a “digital eye,” having true 3D vision
and capable of human-like interpretation of the world.

[0048] It is appreciated that the previous description of the disclosed examples is provided
to enable any person skilled in the art to make or use the present disclosure. Various
modifications to these examples will be readily apparent to those skilled in the art, and the
generic principles defined herein may be applied to other examples without departing from the
spirit or scope of the disclosure. Thus, the present disclosure is not intended to be limited to the
examples shown herein but is to be accorded the widest scope consistent with the principles

and novel features disclosed herein.

-13-
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WHAT IS CLAIMED IS:

1. A radar system in an autonomous vehicle for object detection and classification,
comprising:
a radar module, comprising:
at least one beam steering antenna;
a transceiver; and
a scan parameter control adapted to adjust a set of scan parameters for the
transceiver; and
a perception module comprising a machine learning module and a classifier to detect
and classify objects in a path and surrounding environment of the autonomous vehicle, the

perception module to transmit object data and radar control information to the radar module.
2. The radar system of claim 1, wherein the radar module further comprises an antenna
control to control the at least one beam steering antenna according to the object data and the

radar control information transmitted by the perception module to the radar module.

3. The radar system of claim 1, wherein the machine learning module comprises a

convolutional neural network.

4. The radar system of claim 1, wherein the transceiver initiates a transmission of a beam

steering radar scan with the set of scan parameters.

5. The radar system of claim 4, wherein the set of scan parameters are adjusted according
to the object data and the radar control information transmitted by the perception module to the
radar module.

6. The radar system of claim 4, wherein the radar scan comprises an FMCW signal.

7. The radar system of claim 6, wherein the scan parameters comprise parameters selected

from the group consisting of: a minimum and a maximum frequency of the FMCW signal; a
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total time for a chirp sequence in the FMCW signal; a settling time for a Phase Locked Loop;
a measurement time; a total time of one chirp in the FMCW signal; a repeat time between
chirps in the FMCW signal; a total bandwidth of a chirp in the FMCW signal; an effective
bandwidth of a chirp in the FMCW signal; a bandwidth between consecutive measurements; a
number of measurements taken per chirp in the FMCW signal; and a number of chirps per

sequence.

8. An object detection and classification method, comprising:
initiating a transmission of a beam steering radar scan with a transceiver;
receiving an echo;
detecting an object in the received echo;
extracting object information about the detected object; and

adjusting a set of scan parameters in the transceiver for a next beam steering radar scan.

0. The object detection and classification method of claim 8, wherein the beam steering

radar scan is an FMCW signal.

10.  The object detection and classification method of claim 8, further comprising

classifying the detected object with a convolutional neural network and a classifier.

11.  The object detection and classification method of claim 8, wherein the object

information comprises an object location and a velocity.

12.  The object detection and classification method of claim 8, further comprising sending

object classification information to a sensor fusion module.

13.  The object detection and classification method of claim 9, wherein the scan parameters
comprise parameters selected from the group consisting of: a minimum and a maximum
frequency of the FMCW signal; a total time for a chirp sequence in the FMCW signal; a settling
time for a Phase Locked Loop; a measurement time; a total time of one chirp in the FMCW

signal; a repeat time between chirps in the FMCW signal; a total bandwidth of a chirp in the

15
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FMCW signal; an effective bandwidth of a chirp in the FMCW signal; a bandwidth between
consecutive measurements;, a number of measurements taken per chirp in the FMCW signal;

and a number of chirps per sequence.

14. An object detection and classification method, comprising:

performing a first scan with a first set of scan parameters;

adjusting the first set of scan parameters based on object detection information from a
received echo; and

performing a second scan with a second set of parameters adjusted from the first set of

scan parameters.

15.  The object detection and classification method of claim 14, wherein the first scan has a

lower resolution than the second scan.

16. The object detection and classification method of claim 14, wherein the first scan is

performed with a beam steering antenna having a first beam width.

17.  The object detection and classification method of claim 14, wherein the second scan is
performed with a beam steering antenna having a second beam width, the second beam width

narrower than the first beam width.

18. The object detection and classification method of claim 14, wherein the second scan

has a lower resolution and higher speed capture than the first scan.

19. The object detection and classification method of claim 14, wherein the first set of scan
parameters comprise parameters selected from the group consisting of: a minimum and a
maximum frequency of the FMCW signal; a total time for a chirp sequence in the FMCW
signal; a settling time for a Phase Locked Loop; a measurement time; a total time of one chirp
in the FMCW signal; a repeat time between chirps in the FMCW signal; a total bandwidth of a
chirp in the FMCW signal; an effective bandwidth of a chirp in the FMCW signal; a bandwidth

16
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between consecutive measurements; a number of measurements taken per chirp in the FMCW

signal; and a number of chirps per sequence.

20. The object detection and classification method of claim 14, wherein the first and second

scans are performed with a metastructure antenna.

17
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