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RADAR MOUNTING ESTIMATION WITH UNSTRUCTURED PATA

CROSS-REFERENCE TO RELATED APPLICATION
{00011 This application claims priovity to ULS. Patent Application Ne. 15/034,570, filed

Februyary 26, 2016, which is hereby incorporated by refercnce in its cutirety,

BACKGROUND
{0002} Unless otherwise indicated hercin, the materials described in this seotion are not

prior art to the claims in this gpplication and are not adnutied to be prior art by inclusion in this
section.

{0803} Radio detection and ranging (RADAR) systems can be used to actively estimate
distances to enviromuental features by emitting radio signals and detecting retuening reflected

signads,  Distances to radio-reflective features can be deternuned according to the time delay
between tansmission and reception. The radar system can emil a signal that varies in frequency
over time, such as a signal with a time-varying frequency vamp, and then relfate the difference in
frequency between the emitted signal and the reflected signal o a range cetimate.  Some sysiems
ey also estimate relative motion of reflective objects based on Doppler frequency shifis in the
received reflected signals.

{0041 Directional antenvas can be wsed for the transmission andfor reception of signals
to associate each range estimate with 3 bearing. More generally, directional antennas can also be
used to tocus radiated energy on a given field of view of intercst. Combinmng the measured
distances and the divectional information allows for the swrrounding environment features to be
mapped. The radar sensor can thus be used, for instance, by an autonomous vehicle control

system to avoid obstacles indicated by the sensor information,
{
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j0005] Some example sutomotive radar systems may be configursd o operate at an
glectromagnetic wave frequency of 77 Gigabertz (GHz), which corresponds to a millimeter {mmm)
wave clectromagnetic wavelength (e.g., 3.9 num for 77 GHz). Thess radar systems may use
antennas that can focus the radiated engrgy into tight beams in order 1o enable the radar system
o messure an environment with high accursey, such as an enviromment around an astonomous
vehicle. Such antennas may be compact (ypically with rectangular form factors), efficient (e,
with hitle of the 77 GHz energy lost fo heat in the antenna or reflected hack into the transmitter
electromics), and low cost and casy to manufactee (1o, radar systems with these antennas can be
made in high volume).

SUMMARY
[0006] Disclosed herein are embodiments that relate to determining an offset for automotive

radar based on wnstructored data.  Io one aspect, the present application describes a method
ncluding transmitting a plurality of radar sigmals from a plarality of different locations by 8
radar unit of a vehicle, The method also includes receiving a plarality of reflaction signals,
where each reflection signal s associated with one of the transmitted radar signals. Addibonally,
the method includes determining, by a processor, at least ove stationary obijeet that caused
reflection in the plurality of reflection signals.  Farther, the method meludes based on the
determined stationary object, determining, by the processor, an offSet for the radar unit. The
method yet further includes operating the radar unit based on the determined offset
Furthermore, the method mcludes controlling an autonomouns vehicle based on the radar unit
being operated with the determined offset.

{6667 in another aspect, the prosent application describes a vehicle.  The vehicle
includes a radar unit. The radar unit is confizured to trapsmit & plurality of radar signals, from g
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plurality of different locations of a vehicle, and receive a plurality of reflection signals, wherein
sach reflection signal is associated with one of the transmitted radar signals. Additionally, the
apparatus inclodes a mounting plate configured to couple the radar unit to 3 mounting structure
on g vehicls, The apparatas also includes a computational unit confipured to perform operations.
The computational anit is configured to determine at least one stattonary ohject that cassed a
reflection in the phaality of radar signals. The computational unit s further configured to based
on the determined statfonary clyject, determine an offset for the madar vmit.  Additionally, the
computation unit iy configuwred to operate the tadar uoit based on the determined offset. Further,
the computation unit is configured to control the vehicle based on the radar unif being operated
with the determined offset,

{6008] In yet another example, a computing device is provided. The computing device
may nclude a processor and a computer readable medinn baving stored thercon program
wstructions that when executed by the processor gause the computing device to perform
functions. The functons Include cavsing the tansmission of 8 phurality of radar signals from a
plurality of different locations by a8 radar wmt of 8 vehicle. The functions alse include, causing
the reception of a plurality of reflection signals, where vach reflection signal is associated with
one of the transmitted radar signals. The fupctions additionally include defermining at least one
stationary object that caused reflection in the plurality of reflection signals. Further, the
fonctions ichide based on the determuned stationary object, determining an offset for the vadar
unit. Furthermore, the functions include operating the radar unit based on the determined offset.
Additionally, the functions inchude controlling an sutonomous vehicle based on the radar unit

being operated with the determined offset.
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j8009] In another aspect, the present application describes an apparatus. The apparatus may be
configured for determining an offset for sutomotive radar based on unstructured data, The
apparatus may further include means for transmitiing a plucality of radar signals from g plurality
of different locations by a radar unit of a vehicle. The apparatus also includes means for
receiving a plurality of reflection signals, where gach reflection signal #s associated with one of
the transnutted radar signals. Additionally, the spparatus includes means for determining at least
one stationary cbject that caused reflection in the plarality of reflection signals,  Further, the
apparatus includes based on the determined staionary object, means for determining an offset for
the radar unit, The spparatus yet further inclndes means for operating the radar mean based on
the determined offset. Forthermore, the apparatus includes means for controtling an avtonomous
vehicle based on the radar means being operated with the deternined offset.

{0010] The foregoing summary 1§ lustrative only and is not intended fo be in any way
Hmiting. In addition to the lustrative aspects, embodiments, and features described sbove,
further aspects, embodiments, and featores will becorne apparent by reference to the figures and
the following detatled description.

BRIEF DESCRIPTION OF THE FIGURES

{011} Figure 1 iHustrates an example layout of radar sectors.

{0012 Figure 2 iHlustrates example beam steering for a sector for a radar unit,

{8013 Figure 3 illustrates an example radar nntt mounting,

{0014} Figure 4 illusirates an example computing device for performing some of the

methods disclosed hersin,
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{8015} Figure 5 is an example methed for radar mounting estimation with unstructured
data.
DETAILED DESCRIPTION

{0016} In the following detailed description, reference 15 made to the accompanying
figures, which form a part hereofl In the figures, similar symbols typically identify similar
components, unless context dictates otherwise. The Husirative embodiments described in the
detatled description, figures, and clatms are not meant 1o be limiting. Other cmbodiments may
be utilized, and other changes may be made, without departing from the scope of the subject
matter presented hevetn, It will be readily understood that the aspects of the present disclosure,
as generally described herein, and illusirated in the figures, can be arvanged, substituted,
combined, separated, and designed in a wide variety of different configurations, all of which are
explicitly contemplated herein.

{0017} The following detailed descriphion relates to an apparpius and methods for
automotive sensor offset detenmination based on the capture of wastructured data.  In pumactice,
vehicular radar systems way feature multiple radar wnits with each radar wait having an
assoctated fleld of view. Typically, the aligmment of the varions radar anits was a Hme-
consuming labor-intensive procedure requiring precise measurernents and many expensive tools,
The apparatus and methods presented herein allow the offset determination of radad il m a
more time efficiont and equipment-efficient manver.

{6618} Traditionally, vebicular radar systems have featured a single radar unit looking in
a forward direction. These wadittonal radar systems would also typically only divect the radar

beam in a single direction. When a vehicle has only a single radar vnit with a beam that only



WO 2017/146824 PCT/US2017/012664

was directed in a single divection, the precision required 1n the placement of the radar unit may
be not as great as svstems with multiple radar wnits with steerable beams.  The non-steerable
beam only inferrogating one direction may cause the lower precision reguirement.  For example,
a traditional vehicular radar system may only be configured to detect the presence of another
vehicle direetly in front of the vehick having the radar system, Thus, as long as a radar beam
generally pomts in the forward direction the traditional radar system would be able to detect the
vehicle.

{0019 More advanced radar systeros may be used with g vehicle in order to oblain a
wigder field of view than just that divectly in front of the vehicle. For example, it may be
desirable either for a radar t© be able to steer « radar beam or for a vehicle to featore nmuliiple
radar unifs pointing o different divections.  Additionally, the radar waits may be configured to
detect more than just other vehicles located divectly i front of the vehicle with the radar unit,
Thus, the radar sysiein may be able to interrogaie different regions than just the region in front of
the vehicle. In some examples, multiple radar units may be combined with steerable radar beams
to forther increase the interrogation region and the imagining resolution of the vehicular radar
system,

{6024} An example radar system for use with the present disclosure may include multi-
sector 90-degree field of view radar antenns architecture that may enable an anténna to both scan
across approximately 90-degrees of the aximuth plane {e.g. the horizontal plane) while also being
mountable on various surfaces of a vebicle, Having a madar antenna with a 90-degree field of
view may enable a radar system to scan a full 360 azimuth plane by having four radar units each

configrad to scan one 90-degree non-overlapping seetor.  Therefore, the example disclosed
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radar system may be able 1o steer a radar beam o interrogate the entire region in the azimuth
plane of the vehicle, So that for example, four such radars located on four cornsrs of a vehicle
would provide a full 360 coverage around the vehicle. For example, a system such as this may
aid in autonomous driving of a vehicle.

{0021} When each madar unit can scan or span a 90-degree region, placing 4 radar vnits
on a vehicle may enable the vehicle t© scan a beany over the full 360 szimuth plane. Each of'the
four radar units may be configured 0 scan a2 boam over one seotor {Le. one guarter of the
axinmith plane) and thus the eative plane may be scanned by the combination of the fow radar
nnits. In various exsraples, the placement of the radar units may be adjusted depending on the
specific vehicle, the requirements of the radar systern, or other design criferia. In some
additional examples, the radar units may be configured to scan a region of an angular width that
ts not 90 degrees. For example, some radar wnits may sean 30 degrees, 120 degrees, or another
angle. Further, in some examples, the radar units on the vehicle may scan less than the full 360
arimuth plane.  Additionally, tn some examples, radar units may have overlapping scanning
segments of the azimuth plane.

{o022] I some examples, the madar sectors way be defined based on where the radar
unifs may be mounted on the vehicle, n one example, one radar unit mway be mounted in each of
the side mirvors of the vehicle. The other two radar units may be mounted behind the fatllights
of the vehicle. In this example, the guadrants may be defined based on axes where one axis
aligns with the dircction of vehicular motion and the other axis sligns with the middie of the
vehicle from front to back. In another example, the radar units may be mounted in order to bave

one pointing forward, one poiming backward, and one pointing to sach side. In this second
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axample, the axes of the quadrants may be at a 43-degree angle 1o the divection of motion of the
vehicle, Additionally, the radar unit may be mouted on top of the vehicle.

{0023 The modular multi-sector 90-degree fisld of view radar antenna archifecture may
be able to steer the radar beams emitted from each radar unit. The radar beams may be steered
by the radar units in various ways, For example, in some embodiments, the radar units may be
able to steer the beam in an approximately continpous manner across the 90-degree field of view
for the respective gmtenna or the radar units may be configured with sectoral sub beams spanning
the 90 degrees. In other embodinents, the radar nnits may be able to stegr the madar beam to
predeternvined directions within the 90-degree field of view for the respective antenna,

{0024] One aspect of the present discloswre provides an apparatus for the calibration of
the placement of mdar sensor nnits on a vehicle. For vehicalar vadar, in some instances, # may
be desirable to have g 360-degree Field of View (FOV). By having dats from 360 degrees, the
vehicle may more aocurately sense objects near the vehicle to aid in safe driving and navigation.
The present disclosure may use multiple separate radar seosor units, cach configured w0 scan over
a portion of the azimuth plane to achieve a ful]l 360 FOV,

{e025] i some approaches, the vehicle may be configured with multiple radar units. For
ease of explanation of the present disclosure, i will be assumed that the vehicle has fowr radar
unifs; however, more or fewer radar units. In examples with four radar units, cach radar unit
may be configured to each scan over one particular quadrant {Le. 90 degrees) of the azimuth
plane of the vehicle. In traditional approaches, it may be desirable o locate the radar sensor
units on the vehicle with high accuracy. For example, it may be desivable for each radar unit to

have an angular tolerance of & 1 degree in both the azimuth and elevation planss. Unlike
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traditional systems, the present disclosure provides g radar apparatus and method that allows the
radar units to have a larger angular tolerance, but enables radar calibration through a caleulation
of a radar offset.

{0026} The radar calibration of the present disclosure is based on making radar
measurements.  Radar units may be mounted to a vehicle without using the traditional low-
folerance alignment. In order o operate the radar system, an offset (or lack of offset) may be
caleulated for cach of the radar wits coupled the fo the velucle, Ongee the offset for each radar
unit i caleulated, the radar unit muay be operated with the velucle in & manner sinular to that if
the radar units bad been aligned using the traditional low-tolerasee slignment,

{0027] The methed for calibrating the radar systern may include operating the vehicle on
which the radar units are mounted while making mdar measurements at several locations. In
some examples, the several locations may be a series of locations as the vehicle 1s traveling, The
several locations may be relatively closely spaced to cach other {e.g. within a fow feet) so that
the radar system may be able to soe at least some of the samwe objects causing radar reflections
across at least a subset of the several locations. A processor of the system may attempt to
determine which objects that canse radar reflection are stationary objects,

{6028] Based on the messurements taken with the radar calibration apparatus at each
ocation, the radar reflections of the stationary object{s) may be analyzed. When a static object is
seen by a radar unit when the vadar onit 18 at a plurality of different positions, the system may be
able to determine the alignment for the radar unit. The alignment may include both and azimuth
angle offset and an elevation angle offset. The azimuth angle offset and elevation angle offset

for each radar unit may be stored in a memory. Based on the azinuth angle offset and elevation
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angle offset, the radar unit may be operated as if #t had been mounted with more precise
tolerances. In some embodiments, the offSets may only be caleulated with respect o sither
azimuth or elevation angle.

{0029 If & radar {coupled to g vehicle) is moving and if the scene around the madar is
stationary, then i s possible to solve for the unknown radar position and orienfation with respect
the navigation frame of the radar’s platfoun. Scenes are rarely completely stationary, especially
if wstructured, so the present method and apparatus solve the harder problem of also
distinguishing between moving and stationary clements of the scene. Taken jointly, this
represents g very diffionlt estimation problem.  Disclosed herein is a solution that employs an
expectation maximization approach to fteratively converge to & correct estimate of the wnkuown
parameters.

{0030] Figure 1 illustrates an exaraple layont of radar sectors for an sutonomous vehicle
102, Asshown in Figure 1, cach of the radar sectors may have an angolar width spproximaiely
equal to the scanning range of the rader units {as will be deseribed with respect to Figure 23, For
example, the sectors of Figioe | divide the azimuth plane around the actonomous vehicle 102
into 90 degree sectors. However, i examples where the radar units ave configured to scan a
radar bearn over a different angle than 90 degrees (not shown), the width and namber of sectors
may change. Although Figure 1 shows a car, the methods and apparatuses presented herein may
be used with other vehicular systerns as well, such a8 atreraft, boats, ete.

{66311 As shown in Figure 1, the radar sectors may align with the axes (1122 and 112b)
of the vehicle 102, For example, there may be a front left, front right, vear left, and rear night

sector defined by the midpoints of the vehicle 102, Because gach sector corresponds to one radar
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unit, each radar uni may be configursd o scan gcross one sector.  Further, because each example
radar unit of Figure 1 has a scanning angle of approximately 90 degrees, sach radar unit scans a
region that approximately does not overlap with the scanning angle of any other radar nnit. The
layout of radar sectors shown m Figure 1 is one example. Other possible layouts of radar sectors
are possible ag well.

{0032 In order to achiove radar sectors defined by the midpoints of the vehicle 102, vach
radar unit may be mounted at a 45-degree angle with respect to the two axes of the vehicle 102,
By mounting cach radar unit 8 45 degree angle with respect to the two axes of the vehicle 102, a
90 degree scan of the radar unit would scan from one vehicle axis to the other vehigle axis. For
example, 8 radar untt mounted at a 45-degree angle 1o the axes tn side mirror unit 104 may be
able to scan the front left sector (e from the vertical axis 112a through the front of the vehicle
102 1o the axis 112b that runs through the side of the vehicle). An additionsl radar unit may be
meunted ab a 45-degree angle o the axes o side mirror vnit 16 may be gble to scan the front
right sector. In order to scan the back right sector, a radar unit may be mounted in taillight unit
110, Additionally, in order to scan the back left sector, a radar unit may be mounted wn tallight
unit 108, The radar onit placements shown in Figure 1 ave merely one example. In various other
examples, the radar units may be placed in other locations, such as on fop of the vehicle, or
within or behind other vehicle components.  Fusther, the sectors may also be defined differently
i vartous embodiments.  For example, the sectors may be at a 45-degree angle with respect to
the vehicle. In this example, one radar unit may face forward, another backward, and the other

two tothe sides of the vehicle,
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{8033} I some examples, all the radar units of vehicle 102 may be configured with the
same scanning angle. The azimuth plane around the vehicle is equal to a full 360 degrees. Thus,

if cach radar pait i configured with the same scanning angle, then the scanning angle for the
radar units would be equal to approximately 360 divided by the number of radar units on the
vehicle, Thus, for full azinmoth plane scanning, a vehicle 102 with one radar vait would need that
radar unit 1o be able to scan over the full 360 degrees.

{0034] If the vehicle 102 had two radar units, cach would scan approximately 180
degrees. For three radar units, cach would be configured to scan 120 degrees. For four radar
nnits, as shown in Figure 1, cach may scan approximated 90 degrees. Five radar unils may be

configured on the vehicle 102 and each may be able to soan 72 degrees. Further, six radar unils

may be configured on the vehicle 102 and each may be able to scan approximately 60 degrees.
{0035] The number of mdar units may be chosen based on 8 number of oriteria, such as

ease of mannfactore of the radar units, velucle placement, or other criteria.  For example, some
radar vaits may be configured with a planar structure that s sufficiently small,. The planar radar
unit may be mountable at various positions on a vehicle.  For example, a vehicle may have a
dedicated radar honsing mounted on the top of the vehicle. The radar housing may contain
vartous vadar units.  However, in other embodiments, radar wnils may be placed within the
vehicle strocture,

{8036] When radar onits are located within the vehicle structare, each may not be visible
from outside the vehicle without removing parts of the vehicle. Thus, the vehicle may not be
altered assthetically, cosmetically, or aevodynamically from adding radar units.  For example,

radar units may be placed under vehicle trim work, under bumpers, under grills, within housings
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for lights, within side myirvors, or other locations as well  In some embodiments, 8 may be
desirable to place radar units in positions where the object covering the radar unit 8 at least
partially transparent to radar. For example, varous plastics, polymers, and other materials may
form: part of the vehicle structure and cover the radar units, while allowing the radar signal t©
pass through.

{0037] Additionally, in some embodiments, the radar units may be configured with
different scanning ranges for different radar units, For example, in some embodiments a specific
radar wnit with a wide scanning angle may not be able to be placed on the vehicle in the proper
location.  Thus, a smaller radar veit, with a smaller scanning angle may be placed in that
location. However, other radar units may be able to have larger scamuing angles. Therefore, the
total scanning angle of the radar units may add up to 360 degrees (or more) and provide full 360
degree azimuthal scanning. For example, a vehiele may bave 3 radar unity that cach scan over
100 degrees and a fourth radar unit that scans over 60 degrees. Thus, the radar units may be sble
tor sean the full azimuth plane, but the scanning sectors may not be equal in angular stze.

{0038} Figure 2 tHustrates example beam steering for a sector for a radar unit 200, The
radar wnt 200 may be configured with a stecrable beamy, Lo, the radar unit 200 may be able to
control a direction in which the beam is radiated. By controlling the direction in which the beam
is radiated, the radar unit 200 may be able to direct radiation in a specific direction in ovder to
determine radar reflections {and thus objocts) i that divection,  In some embodiments, the vadar
ursit 200 may be able to scan a radar beam in a continuous manner across the various angles of
the aximuth plane. In other embodiments, the radar unit 200 may be able 1o scan the vadar beam

m discrete steps across the various angles of the azimuth plane.
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0039 The example radar unit 200 in Figure 2 has a radar beam 206 that can be steered
across a plurality of different angles. As shown in Figure 2, the radar beam 206 may have a half
power beamwidth of approximately 22.5 degrees. The half-power beamwidth deseribes the
width, measured in degrees, of a main lobe of the radar beam 206 between two points that
correspond to half the amplitude of the madmum of the radar beam 2060 I various
embodiments, the half-power beamwidth of the radar beam 206 may be different than 225
degrees. Additionally, in some embodiments, the halfpower beamwidth of the radar beam 206
may change depending on the angle at which the radar beam 206 is pointed.  For example, the
half-power begmwidth of the radar beam 206 nwy be parrower when the radar beam 206 is
pointed more closely to the orthogonal 2044 (1.¢. broadside) direction to the radiating surface and
widen and the radar beam 206 is steered away from the orthogonal divection 2044,

{0040] i the example shown in Figure 2, the radar beam may be able to be steered to
four different gngles. The steering angle way be measured with respect to the orthogonal 204a
{i.e. broadside) direction to the radiating surface. The beam may be steered 0 +36 degrees at
204c and -36 degrees at 204e. Also, the beam may be steered to +12 degrees at 204b and -12
degrees at 204d. The four different angles may represent the discrete angles to which the vadar
beamn 206 may be steered. In some additional examples, the radar beam may be able to be
steered to two angles simultaneously. For example, the radar beam may be steered to both +12
and -12 degrees at the same time.  This may result i a beam that s overall steered i the
divection of the sum of the angles {e.g. ~12+12=0, thus the beam in this example would be in the

broadside direction 204a). However, when 4 radar beam is steered at two divections at once, the
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haif-power beamwidth of the radar beam mayv be widened. Thus, a radar resolution may
decrease,

{0041 By steering the radar beam 206 to each of angles 204b-204¢, the full 90-degree
field of view can be scanned. For example, when the radar beam 206 i3 stecred to +36 degrees
204¢, the half-power beamwidth of the radar beam 206 will cover from +47 .25 degrees to +24.75
degrees (as measured from the broadside direction 204a). Additionally, when the radar beam

206 15 steered to -36 degrees 204e, the half-power beamwidth of the radar beam 206 will cover

Lo

from ~47.23 degrees to -24.75 degrees.  Further, when the radar beam 206 is steered to +12
degrees 204b, the balf-power beamwidth of the radar beam 206 will cover from +23.25 degrees
10 +0.75 degrees. And finally, when the radar beam 206 5 steered 10 ~12 degrees 2044, the hall-
power beamwidth of the radar beam 206 will cover fromy <2325 degrees to -0.75 degrees. Thus,
the radar beam 206 will effectively be able to scan (Le. selectively engble or disable the four
heaims spaning the angudar width) from -47.25 to #4725 degrees, covering g range of 95
degrees. The number of steering angles, the direction of the steering angles, and the halfspower
beamwidth of the radar beamn 206 way be varied depending on the specific example.

{0042 For example, and further diseossed below, a radar beam of a radar anit may be
configured 1o only scan 8 60-degree region. If a rader unit can scan a 60-degree region, six radar
units may be used to scan a full 360 azimmuth plane. However, i the radar anit can scan 90
degrees, four radar units roay scan the full 360 azivouth plane.

{0043} Figure 3 illustrates an example radar unit mounting structurs 300, In one example
embodiment, a radar unit mounting 300 may inclede a mounting baseplate 302 and an associated

mounting location 304 where a vadar unit 312 may be mounted to the mounting baseplate 302,
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The mounting location 304 may be the location where the radar unit 312 may be mounted to the
mounting baseplate 302 while performmg method 500 of Figwre 50 Additionally, during
operation of the autonomons vehicle, radar units 312 may be mounted to the mounting baseplate
302 i place of mounting location 304, In even fiwther embodiments, the radar unit 312 and the
mounting baseplate 302 may be integrated as one unit and not separste components.

{0044 A mounting haseplate may be located at vach location where a radar unit may be
coupled to the antonomous vehicle. For example, each radar unit mounting location {(such as
focations 104, 106, 108, and 110 of Figure 1) may have g mounting baseplate 302 to which a
radar pnit may be mounted. As shown in Figure 3, the mounting haseplate 302 may include
mounting holes {one of which is labeled 308) configured to both align the radar unit when
mounted as well as allow the radar unit fo be coupled to the mounting baseplate 302 with
attachiment devices such as serews, The mounting baseplate 302 of Figure 3 is one example of a
way the various radar units may be mounted to an sutonomous vehicle.

{0045] When madar anit 312 is mownted to mounting baseplate 302, the radar unit 312
may not be exactly aligoed as designed. This misalignment may manifest as an offvet from the
desired mounting position.  For example, the radar unit 312 may have an offset when coupled to
mounting baseplate 302 in terms of the elevational angle offset 3063, roll angle offset 308h, and
arimuthal angle offset 306¢.  Additionally, the radar unit 312 may have an offset when coupled
{0 mounting baseplate 302 i termy of the X offset, Y offset, and Z offset.  In some
embodiments, it may be desirable for a radar unit 1o be mounted within a threshold range around
a desired direction. If the radar unit mounted within the threshold range, the offset of the radar

unit may be caleulated. When the offset is calculated, the processing systent that processes radar
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signals may be able o account for the offset through data processing. For example, each of the
glevational angle 3064, roll angle 306b, and azimuthal angle 306¢ may bave a threshold range of
41 degres from the desired elevational angle, roll angle, and azimuthal angle. By determining
the offsets, the processing system may mathematically compensate for the difference between
the destred alignment and the actual alignment.

{0046 In some cmbodiments, a computing device may implement the disclosed methods
gs comnputer program instructions encoded on a nos-transitory compuiter-readable storsge media
in a machine-readable format, or on other non-transitory media or articles of manufacture, The
computing device may be integrated within the vehicle or it may be a separate computing device
i commutication with the vehicle. Flgure 4 1y a schematic illustrating a conceptual partial view
of an example compuier program product that includes a compnter progeam for executing a
computer process on a computing device, arcanged according to at least some cmbodiments
presented herein,

{0047] Figure 4 tllustrates a functional block diagram of a computing deviee 400, according to
an embodiment. The computing device 400 can be used to perform functions in connection with
a reconfigurable mobile device with a balloon network. In particular, the computing device can
be used fo perform some or all of the functions discussed above in conpection with Figures 1-5.
{0048] The computing device 400 can be or include various typesof devices, such as, for
example, a server, personal cotopuder, mobile device, cellular phone, or tablet computer. Ina
basic configuration 402, the computing device 400 can tnvlude one or more processors 418 and
system memory 420, A memory bus 430 can be used for communicating betwesn the processor

410 andd the system memory 420, Depending on the desired configuration, the processor 410 can
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be of any tvpe, including a microprocesser (P}, a microcontroller (uC), or a digital signal
processor (ISP), among others, A memory controller 415 can also be used with the processor
410, or in some implementations, the memory controlier 415 can be an internal part of the
processor 414

{0049] Depending on the destred configuration, the systont mersory 420 can be of any type,
including volatile memory (such as RAM) and non-volatile memory (such as ROM, flash
memmory}, The systeny memory 420 can include one or more apphications 422 and program data
424, The application{s} 422 can include an index algorithim 423 that is arranged to provide
inputs to the clectronic circuits. The program dats 424 can include content information 425 that
can be directed to any number of types of datg. The application 422 can be arranged to operate
with the program data 424 on an operating system.

{0050] The computing device 400 can have additional features ot functionality, and additional
interfaces to faciitate convmumication between the basie configuration 402 and any devices and
interfaces. For example, dats storage devices 440 can be provided including removable storage
devices 442, non-removable storage devices 444, or both. Examples of removable stovage and
non~removable storage devices include magnetic disk devices such as flexible disk drives and
hard-disk drives (HDD), optical disk drives such as compact disk {CD} deives or digital versatile
disk {DVD) drives, sohd state drives (88D), and tape drives. Computer storage media can
melude volatile and nonvolatile, non-fransitory, removable and non-revovable media
implemented in any method or technology for storage of iInformation, such as computer readable

mstructions, data structures, program modules, or other data.

18



WO 2017/146824 PCT/US2017/012664

{8851] The system memory 420 and the storage devices 440 ave examples of computer storags
media. Comptier storage media includes, but is not limited to, RAM, ROM, EEPROM, flash
memory or other memory technology, CD-ROM, DVDs or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or any other
medium that can be used to store the desired information and that can be accessed by the
computing device 4040,

{0052] The computing device 400 can also welude output interfaces 450 that can mclude a
graphics processing unit 452, which can be configured to communicate with various external
devices, such gs display devices 490 or speakers by way of one or more AV ports or 8
conmmurication interface 470, The cormmupnication interface 470 can include a network
controller 472, which can be arranged to facilitate communication with one or more other
computing devices, over a notwork cormmunication by way of one or more communication ports
474, The communication connection is one example of a cominunication media,
Communication media can be embodied by computer-readable instructions, data structares,
program modules, or other data in 8 wodulated data signal, such as a carrier wave or other
tranaport mechanism, and includes any information delivery media. & modalated data signal can
be a signal that has one or wore of iy characteristics set or changed in such a manner as to
encode information in the signal. By way of example, and not lmitation, communication media
can include wired media such as a'wired network or divect-wired comnection, and wireless media
such as aconstic, radio frequency {RF), infrared (IR}, and other wireless media.

{6053] The computing device 400 can be imiplemented as a portion of a small-form factor

portable {or mobile) elecironic device such as a cell phone, 8 personal data assistant (PDA), a
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personal media player device, 3 wireless web-watch device, a personal headset devics, an
application specifie device, or a hybrid device that include any of the above functions, The
computing device 400 can also be implemented ax g personal computer including both laptop
conputer and non-laptop computer configurations,

{0054} The disclosed methods can be implemented as computer program instructions encoded on
a non-transitory computer-readable storage medivm in g machine-readable format, or on other
non=transitory media or articles of manufacture. The computer program product includes a
computer program for executing a computer process on a computing device, arranged according
to sorne disclosed implamentations,

{00S55] The computer program prodact is provided using a signal bearing medium, The signal
hearing medinm can include one or inore programming Wmstructions that, when execnted by one
OF IoTe processors, can provide functionality or portions of the functionality discussed above in
connection with Figures 123 and Figure S, In some tmplementations, the signal bearing medinm
can encompass # computer-readable medium such as, but not limited to, & hard disk drive, a CD,
a DV, a digital tape, or memory. In some implementations, the signad bearing wedium can
encompass & compater-recordable mwedium such as, but not lited to, memory, read/write (R/W)
Chs, or RAW DVDs. Insome implementations, the signal beaving medivm can encompass a
commnuntcations moediom such as, but not linated to, a digital or analog communication medium
{for example, a fiber optic cable, a waveguide, a wired conunumications hok, or & wireless
communication Hink). Thus, for example, the signal bearing medivm can be conveyed by a
wireless form of the communications medium (for exampde, a wireless communications medium

conforming with the IEEE 802.11 standard or other transmission protocol).
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{8056] The one or more progranuning mstructions can be, for example, computer executable
instructions. A computing device {such ax the computing device 400 of Figure 4} can be
configured to provide various operations in response to the programming instructions conveyed
te the computing device by one or more of the computer-readable medium, the computer
recordable mediim, and the communications medium,

{0057] Figure 5 is an example method for radar mounting estimation with unstructured
data, Moreover, the method 500 of Figure 5 will be deseribed in conjunction with Figures 1-4.
At block 502, the method 300 includes transnmtiing & plurality of radar signals from a plurality of
different locations by a radar unit of 8 velicle, A vehicular radar system may be configured to
tterrogate the region around the vehicle via muliiple radar units.  To interrogate the region
around the vehicle, the radar systomy may transmit the radar beam in a given direction. The
iransmitied beam may reflect off objects in the region.

{0058] At block 504, the method 500 mcludes recetving a plurality of reflection signals,
wherein each reflection signal is associated with one of the transmtied radar signads. The
received reflections may allow the radar system and a computer o determing what objects are
located near the vehicle. Not ondy may objects thenwselves be defermined, but the location (e
angle and range to objects) may be determined as well. In order to operate correctly, radar unils
of the radar systein need 10 both be placed in correct locations and have fairly precise alignment.
{0039] in some examples, blocks 502 and S04 may be repeated several thnes. In one
examples, the madar path may be divided inte many consecutive goherent processing intervals
{CPls). During a CPI the radar unit both transmits and receives a waveform, applies a matehed

filter bank, and exiracts a set of detections that measure range, Doppler, and angle {in azimuth,
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slevation of both) to the various objects that reflect radar, This data may be stored i a memory

for further processing. In some examples, several CPls are captured before moving fo data

1%

processing.

1]

{0060} At block 306, the methed 500 includes determining, by a processor, at least one
stationsry object that caused reflection in the plurality of reflection signals, By analyzing the
collected data, an algorithm may use a current best guess at radar mounting calibration,
determine which measurements arise from stationary objects.

{0061} To detormine which object that cause radar reflections are stationary, a problem is
defined as one of paramieter estimation where the vnknown parameters are radar mounting angles
and posttion with respect to the car body system. Fundamentally, this calculation amounis o
maximizing the correspondence between scattering objects in both the Doppler and angle
domains.

{0062] A pulse-Doppler radar may be able to meagsure range, Doppler, and 2D bearing to
the various objects that cause radar reflections. In the general case all 3 orientation degrees of
freedom {elevational, rotational, and an aximuathal)y and 3 position degrees of freedom (X, Y, and
an 7} are estimated.  In some examples, the system may be configured to only caleulated the
aximuth offvet with respect to the vehicle.

{0063

{n ong example, the derivation is shown for a 2D car vehicle coordinate system.
Cther means of caloplating stationary objects and the offsets may be used as well. The following

variables sre used to caloulate offsets.

i

w = pehicle pelocity
& = mounting angle

¢ = bearing angle to i — th scatterer
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d; = doppler to { — th scatterer
Z; = statlonary indicator function for i ~ th scatterer
N = # scatterers
‘= denotes a realization of an randon variahie
N, P) evaluates ab x a Goaussian with mean p and variance P

{0064 Assumg that the the measwred reflection signals inclunde independent and
wentically distributed Gaussian notse.  The Gaussian noise may be defined as B, and have o
variance £y, So the bearing angle may be defined s,

By = gy = 8+ Wy

j{0065] Stinilarly, the Doppler measurement may be modeled, wcluding Gaussian noise

w. having variance Py, as,
b 2 3 . B o~
d; = 7 feox(eh) sin{@{—v) + 8,
£
{0066} A hkelthood 1 may be defined that will cabibrate the system 1 all scatterers are

stationary. On average, if the mounting angle is ideally aligned, then the joint likelihood of the

measurement is at ifs maximun, where the likelibood defined as,

o0 =] | ww.eo

3
ELS S -~ 5 2 o iy S oy et LR
By + 8 (i~ Flcos(ge) sin(@)(—v))?
= H (2 PPy expf— 5 P; + : 2P, ]
1
{0067} Naote that Doppler and bearing measurements are uncorrelated since the equations

are conditioned on scatterer position and mounting angle.
{0068 In practice some unknown subset of the measurements will be made on objects
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that are in motion. An additional set of hidden random variables, z, that mdicate the stationarity
of an object may be used. Because the algorithm iteratively approximates the unknown
parameters, on the n-th step previous estimate of unknown parameters § and € will be denoted.

Via the method of expectation maximization, the Herative estimation equation is then,

B e . o
vd ¥ omaged
LR

2

{0069} By treating the realization z; = 0 as ong where the likelthood ¥ is uninformastive

{since there I8 no longer & deterministic relationship between Doppler and bearing) and taking

. .ot . § ‘o N . N -
the prior S5 # as umnformative the equation may be simplified.

{0070] This stage of processing may make an estimate of H This
estimate may be made because the collection peried s long enough to assure many
measurements are made on cach object n the seene, In so doing, the system will have enough
data to perforn lemporsl processing. This detection problem way be decomposed o two
preces: assigmment and estiroation.  Assigoment iz the mapping of measurcments to objects as
well as the estinmation of the number of underlying objects. Estimation is the caleulation of the
stationarity indicator variable postertor for cach oblect. This probaivlity s then mapped to the
measurement associated with that object. Thus, stationary objects maay be identified,

{88711 At block 504, the method 500 includes based on the determined stationary object,
determining, by the processor, an offset for the radar vnit. Using the determined stationary
object, the systom may compute a best guess of radar position and orientation.  The radar
position and orlentation may include at least one offset,

0072] A maximum likelihood costimate (MLE} of mounting angle is somewhat
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complicated by the presence of nuisance vanables ¢b;. The estimate may be marginalized out or
wcluded as wnknown parameters in the MLE ~ we choose here to perform the atter. The MLE

objective function as the negative log hikelihood,

foo20 oY
) PR (&~ 1cost@ sin@l-n))
% 5 § I e e O s
W=7 P, P
{8073] The minimum of the MLE may be found via Newton’s method, The key to the

method is caloulating the Hessian (N+1 by N+1 matrix H) and Jacobian (N+1 column vector 1)
of the likelthood.
Felahide dul”

=

Ji= m(&f + 8~ @i)Pg* + ({i\.i - % fros{d) 5.3'?1{«;{),1:}]1?) Py (“%[“Sin(fi)i) {:(}s(c;éi}]v)

Ho={Hyg Hoy Hoy oo Hyps Hyg Honors Hyni oooi Hyg Hyg oo Hywl

%3 - . 1
Hyp = Hyg = —F

Ho =Pt + (ﬁff ~— ,—i- [cos(h;) sin{gf:«i)]w) Pt (% {ros{dy) 55?‘&{@51;)}@)
2 :
+ (=5 l-sin(g) cos(@lv) 77
Hyjoej=0Q
{0074} Starting with some guess &, ¢, for the nnknown parameters, they are updated by

the following rule until convergence,
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(0.8 = [8.6] ~ v

{0075 Where ¥ is some scale factor less than one. In some examples y s 11052,
{0076} The calculated MLE gives the offset for the respective radar unit, The previcusky-

discussed calculation (or different caleulations) may be used to determine an offset for each radar
unit of the vehicle. In some examples, & radar unit may have the comrect shignment, thus the
determined offset may be zero degrees.

{0077] At block 510, the methoad 500 includes, operating the radar unit based on the
determined offset. Onee offkels are determined, the offSet miay be used by the processing sysiem
when locating various objects that cause radar reflections.  For example, if an offset is
determined to be 2 degrees mn the positive azimuth direction, the processing system can
compensate for this offset. In some examples, the processing system may operate the radar wnt
by applying the the offset to the caleplation of a reflective object. That is, if the offset iy +2
degrees in the snimuth plane, and an object appears to be at +135 degrees of aximuth, the system
may adjust for this +2 degree offset and openie knowing that the reflecting object 18 really at
+17 degrees (Lo +154+2=417) in the azimuth plage. In some other examples, different
mathematical functions may be used to determine the position of the reflecting objects based on
the determined offset.

{6078 At block 512, the method 300 controlling an autonomous vehicle based on the
racar unit being operated with the deternnned offset. Because the radar unit 18 operated with the
determined offsets at block 510, this radar information may be used with the navigation system
of the vehicle to sutonomously coutrol the vehicle, Whule operating 1 the antonomous mode,

the vehicle may use a computer system to control the operation of the vehicle with little-to-no
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human input. For example, a human-operator may entey an address to an autonomous vehicle
and the vehicle may then be able 1o drive, without further input from the homan {e.g., the human
does not have to steer or touch the brake/gas pedals), to the specified destination.

{0079] While the vehicle is operating autonomously, the sensor system may be receiving
data about the eoviromnent of the vehicle from the radar systemn. The processing system of the
vehicle may alter the control of the vehicle based on data received from the various sensors. In
some examples, the astonomous velicle may alter a velocity of the antonomous vehicle in
response o data from the various seasors, The autonomous vehicle may change velocity in order
to gveid obstacles, obeyv traffic laws, etc, When a processing systerm in the vehicle identifies
objects near the autonomous vehicle, the vehicle may be able fo change veloaity, or alter the
movemoent in another way, The location information used by the vehicle may be provided by the
methods and systeras disclosed herein.

{0084 it should be understood that arrangements described herein ave for purposes of
example only. Assuch, those skilled in the axt will appreciate that other arvangements and other
elements {e.g. machines, apparatuses, interfaces, functions, orders, and groupings of functiens,
ete. ) can be used nstead, and some elements may be onntted altogether according to the desired
results. Farther, many of the elements that are deseribed are functional entities that may be
implemented as discrete or distributed components or in conjunction with other components, in
any suitable combination and location,

{0081} While various aspects and embodiments have been disclosed berein, other aspects

and embodiments will be apparent fo those skilled in the art.  The varlous aspects and
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ambodiments disclosed herein are for purposes of illustration and are not intended to be luntting,

with the scope being indicated by the following clatms.
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CLAIMS

1. A method comprising:
for each of a plurality of radar units:

causing the transmission of at least two radar signals by the respective radar
unit, wherein a first signal is transmitted from a first respective location and a second
signal is transmitted from a second respective location, and

receiving a respective reflection signal by the respective radar unit, wherein
the respective reflection signal is associated with each of the transmitted signals;
determining, by a processor, at least one stationary object that caused reflection in the
plurality of reflection signals;
based on the determined stationary object, determining, by the processor, an offset for
the radar unit, wherein the offset comprises at least one of an elevational offset, a
rotational offset, and an azimuthal offset; and
operating the radar unit using the determined offset to determine a position of an

object causing radar reflections.

2. The method according to claim 1, wherein the offset comprises at least one of

a lateral offset and a vertical offset.

3. The method according to claim 1, further comprising determining, by the

processor, an offset for each of a plurality of radar units based on each radar unit of

the plurality performing transmitting and receiving.
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4. The method according to claim 3, wherein the plurality of radar units are

mounted at approximately a 45-degree angle with respect to the vehicle.

5. The method according to claim 1, further comprising storing in a memory the

determined offset.

6. The method according to claim 1, wherein the offset is determined based on a

desired position of the radar unit.

7. A vehicle comprising:
a plurality of radar units, each configured to:

transmit at least two radar signals, wherein a first signal is transmitted from a
first respective location of a vehicle and a second signal is transmitted from a second
respective location of the vehicle, and

receive a respective reflection signal associated with each of the transmitted
signals, wherein each reflection signal is associated with one of the transmitted radar
signals;
a mounting plate configured to couple the radar unit to a mounting structure on the
vehicle; and
a computational unit configured to perform operations comprising:

determine at least one stationary object that caused a reflection in the plurality

of radar signals;
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based on the determined stationary object, determine an offset for the radar
unit, wherein the offset comprises at least one of an elevational offset, a rotational
offset, and an azimuthal offset; and

operate the radar unit using the determined offset to determine a position of an

object causing radar reflections.

8. The vehicle according to claim 7, wherein the offset comprises at least one of

a lateral offset and a vertical offset.

9. The vehicle according to claim 1, wherein the computational unit is further

configured to determine an offset for each of the plurality of radar units.

10. The vehicle according to claim 7, further comprising a memory configured to

store the determined offset.

11. The vehicle according to claim 7, wherein in the offset is determined based on

a desired position of the radar unit.

12. The vehicle according to claim 7, wherein the plurality of radar units are

mounted at approximately a 45-degree angle with respect to the vehicle.

13. An article of manufacture including a non-transitory computer-readable
medium, having stored thereon program instructions that, if executed by a computing

device, cause the computing device to perform operations comprising:
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for each of a plurality of radar units:
causing the transmission of at least two radar signals by the respective
radar unit, wherein a first signal is transmitted from a first respective location
and a second signal is transmitted from a second respective location, and
receiving a respective reflection signal by the respective radar unit,
wherein the respective reflection signal is associated with each of the
transmitted signals;
determining at least one stationary object that caused reflection in the plurality
of reflection signals;
based on the determined stationary object, determining an offset for the radar
unit, wherein the offset comprises at least one of an elevational offset, a
rotational offset, and an azimuthal offset; and
operating the radar unit using the determined offset to determine a position of

an object causing radar reflections.

The article of manufacture according to claim 13, wherein the offset comprises

at least one of a lateral offset and a vertical offset.

The article of manufacture according to claim 13, further comprising

determining an offset for each of a plurality of radar units.

The article of manufacture according to claim 15, wherein the plurality of

radar units are mounted at approximately a 45-degree angle with respect to the

vehicle.
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17. The article of manufacture according to claim 13, further comprising storing in

a memory the determined offset.

18. The article of manufacture according to claim 13, wherein the offset is

determined based on a desired position of the radar unit.
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