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7) ABSTRACT

A computer implemented method for determining alignment
parameters of a radar sensor comprises the following steps
carried out by computer hardware components: determining
measurement data using the radar sensor, the measurement
data comprising a range-rate measurement, an azimuth mea-
surement, and an elevation measurement; determining a
velocity of the radar sensor; and determining the misalign-
ment parameters based on the measurement data and the
velocity, the misalignment parameters comprising an azi-
muth misalignment, an elevation misalignment, and a roll
misalignment.
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METHODS AND SYSTEMS FOR
DETERMINING ALIGNMENT PARAMETERS
OF A RADAR SENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to European Patent
Application Number 21166327.3, filed Mar. 31, 2021, and
European Patent Application Number 20172809.4, filed
May 4, 2020, the disclosures of which are hereby incorpo-
rated by reference in their entireties herein.

BACKGROUND

[0002] The present disclosure relates to methods and sys-
tems for determining alignment parameters of a radar sensor.
Radar-sensors, for example in automotive applications, may
need to be aligned with the chassis of a host-vehicle so that
the location of detected objects is accurately known. Align-
ment procedures performed when the host-vehicle is
assembled are not able to compensate for pitch or elevation
errors caused by heavy cargo and yaw, azimuth or roll errors
caused by miss-alignment of the wheels or chassis of the
host-vehicle which may cause ‘crabbing’ or ‘dog-tracking’
by the host-vehicle while traveling. Accordingly, there is a
need to provide for reliable determination of alignment
parameters.

SUMMARY

[0003] The present disclosure provides a computer imple-
mented method, a radar system, a computer system, a
vehicle, and a non-transitory computer readable medium
according to the independent claims. Embodiments are
given in the subclaims, the description and the drawings.
[0004] In one aspect, the present disclosure is directed at
a computer implemented method for determining alignment
parameters of a radar sensor, the method comprising the
following steps performed (in other words: carried out) by
computer hardware components: determining measurement
data using the radar sensor, the measurement data compris-
ing a range-rate measurement, an azimuth measurement, and
an elevation measurement; determining a velocity (in other
words: speed) of the radar sensor (for example using a
velocity sensor or together with the misalignment param-
eters); and determining the misalignment parameters based
on the measurement data and the velocity, the misalignment
parameters comprising an azimuth misalignment, an eleva-
tion misalignment, and a roll misalignment.

[0005] It will be understood that determining a velocity of
the radar sensor may either be carried out explicitly (for
example using a velocity sensor) or implicitly (for example
by including the velocity into an optimization problem, as
described for the 2D case and for the 3D case herein).
[0006] According to various embodiments, misalignment
parameters may be determined by comparing a velocity
determined by a velocity sensor (which may be independent
from the radar sensor) and velocity information which is
determined based on radar measurement data.

[0007] The measurements data may be related to the radar
sensor, for example to a radar sensor mounted on a vehicle
(for example at least partially autonomously driving vehicle,
for example car), for example on the chassis of the vehicle.
The velocity sensor may be external to the radar sensor; for
example, the velocity sensor may be the velocity sensor of
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a vehicle, for example based on odometry measurements,
gyroscope measurements, and/or acceleration measure-
ments.

[0008] According to another aspect, the misalignment
parameters further comprise a speed-scaling error.

[0009] It has been found that provided a three-axial-auto-
alignment with speed-scaling-error estimation improves the
detection quality of radar sensors.

[0010] According to another aspect, the computer imple-
mented method further comprises the following step carried
out by the computer hardware components: determining
system parameters, the system parameters comprising at
least one of a desired azimuth mounting angle, a desired
elevation mounting angle, and a desired roll mounting angle;
wherein the misalignment parameters are determined further
based on the system parameters.

[0011] The system parameters may be set by the manu-
facturer of the system (for example vehicle) on which the
radar sensor is provided. The system parameters may
describe or define how the radar sensor is provided (for
example mounted) in the vehicle.

[0012] According to another aspect, the measurement data
1s related to a plurality of objects external to the radar sensor.
For example, measurement results related to at least three
objects may be provided. For example, measurement results
related to at least four objects may be provided. For
example, measurement results related to at least five objects
may be provided. The number of objects may be chosen so
that the system for determining the misalignment parameters
is at least not under-determined, for example so that the
system is over-determined (i.e. more measurement results
may be available than unknown misalignment parameters
are to be determined; this may allow for implicit correction
of measurement inaccuracies or measurement errors, for
example by using regression methods to determine the
misalignment parameters).

[0013] The objects may be provided outside a vehicle in
which the radar sensor is provided.

[0014] According to another aspect, the plurality of
objects are stationary. Thus, it may be considered known that
the velocity determined by the velocity sensor is identical to
the (relative) velocity of the stationary objects (relative to
the radar sensor). This may be used for determining the
misalignment parameters by determining the misalignment
parameters so that the velocity determined based on the
radar measurements is in agreement with the velocity deter-
mined by the velocity sensor (for example so that the
difference between the velocity determined based on the
radar measurements is in agreement with the velocity deter-
mined by the velocity sensor is minimized).

[0015] According to another aspect, the misalignment
parameters are determined based on an iterative method.
[0016] A closed-form solution to the determination of the
misalignment parameters may not be available or may be
numerically instable. An iterative method may be used,
starting from an initial estimate (or guess), for example with
all misalignment parameters set to a default value (for
example 0). The estimate values may be iteratively updated.
The misalignment parameters may already be of reasonable
accuracy after one iteration. Depending on the resources like
time and computational power, more than one iteration may
be performed. The iterations may continue until a pre-
determined stop criterion is reached, for example a maxi-
mum time available for the determination of the misalign-
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ment parameters, or a pre-determined accuracy of the
misalignment parameters (which may for example be deter-
mined based on how much (for example absolutely or
relatively) the estimates for the misalignment parameters
change from one iteration to the next iteration).

[0017] According to another aspect, the misalignment
parameters are determined based on an optimization
method.

[0018] The optimization method may optimize the mis-
alignment parameters so that the difference between the
velocity measured by the velocity sensor and the velocity
which is determined based on the measurement data is
minimized. The optimization method may determine the
misalignment parameters from an overdetermined system
(wherein more measurements, for example related to a
plurality of objects, are available than would be required for
a closed form determination of the misalignment param-
eters). The optimization method may use the Jacobian
matrix, including partial derivatives of the modeled output
with respect to the misalignment parameters.

[0019] According to another aspect, the misalignment
parameters are determined based on a non-linear least
squares regression method. According to another aspect, the
misalignment parameters are determined based on a non-
linear total least squares regression method.

[0020] According to another aspect, the misalignment
parameters are determined based on filtering. For example,
the misalignment parameters that have been determined
based on the optimization or regression method may be
subject to filtering, for example Kalman filtering, to further
improve the misalignment parameters.

[0021] According to another aspect, the measurement data
are determined using a plurality of radar sensors (which may
include the radar sensor and at least one further radar
sensor).

[0022] According to another aspect, the velocity of the
radar sensor and the misalignment parameters are deter-
mined simultaneously by solving an optimization problem.
[0023] With the method according to various embodi-
ments, the overall performance of the alignment may be
improved, which may have a positive impact on the perfor-
mance of further radar processing.

[0024] In another aspect, the present disclosure is directed
at a computer implemented method for determining cor-
rected measurement data, the method comprising the fol-
lowing steps carried out by computer hardware components:
determining measurement data using a radar sensor; cor-
recting the measurement data to obtain the corrected mea-
surement data based on misalignment parameters deter-
mined according to the computer-implemented method
described herein.

[0025] With the corrected measurement data, improved
detection results may be achieved.

[0026] Based on the misalignment parameters, the control
of the radar sensor (for example the area in which the radar
sensor is to determine measurements) may be adjusted (for
example to the desired area or desired field of view).
[0027] In another aspect, the present disclosure is directed
at a computer system, said computer system comprising a
plurality of computer hardware components configured to
carry out several or all steps of the computer implemented
method described herein. The computer system can be part
of a vehicle.
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[0028] The computer system may comprise a plurality of
computer hardware components (for example a processor,
for example processing unit or processing network, at least
one memory, for example memory unit or memory network,
and at least one non-transitory data storage). It will be
understood that further computer hardware components may
be provided and used for carrying out steps of the computer
implemented method in the computer system. The non-
transitory data storage and/or the memory unit may com-
prise a computer program for instructing the computer to
perform several or all steps or aspects of the computer
implemented method described herein, for example using
the processing unit and the at least one memory unit.
[0029] In another aspect, the present disclosure is directed
at a radar system comprising a radar sensor for which the
misalignment parameters are determined according to the
computer implemented method described herein.

[0030] In another aspect, the present disclosure is directed
at a vehicle comprising the radar system described herein.
[0031] In another aspect, the present disclosure is directed
at a non-transitory computer readable medium comprising
instructions for carrying out several or all steps or aspects of
the computer implemented method described herein. The
computer readable medium may be configured as: an optical
medium, such as a compact disc (CD) or a digital versatile
disk (DVD); a magnetic medium, such as a hard disk drive
(HDD); a solid state drive (SSD); a read only memory
(ROM), such as a flash memory; or the like. Furthermore,
the computer readable medium may be configured as a data
storage that is accessible via a data connection, such as an
internet connection. The computer readable medium may,
for example, be an online data repository or a cloud storage.
[0032] The present disclosure is also directed at a com-
puter program for instructing a computer to perform several
or all steps or aspects of the computer implemented method
described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] Exemplary embodiments and functions of the pres-
ent disclosure are described herein in conjunction with the
following drawings, showing schematically:

[0034] FIG. 1A an illustration of a radar field-of-view
when misaligned in azimuth and elevation;

[0035] FIG. 1B an illustration of a three-dimensional
misalignment in azimuth, elevation, and roll;

[0036] FIG. 2 a flow diagram illustrating an overview of
methods for determining alignment parameters according to
various embodiments;

[0037] FIG. 3 an illustration of a radar field-of-view after
introduction of roll misalignment;

[0038] FIG. 4 an illustration of a radar field-of-view and a
compensated field-of-view according to various embodi-
ments;

[0039] FIG. 5 a diagram illustrating azimuth alignment
error distribution according to various embodiments;
[0040] FIG. 6 a diagram illustrating elevation alignment
error distribution according to various embodiments;
[0041] FIG. 7 a diagram illustrating roll alignment error
distribution according to various embodiments;

[0042] FIG. 8 a flow diagram illustrating a method for
determining alignment parameters of a radar sensor accord-
ing to various embodiments;

[0043] FIG. 9 an alignment parameter estimation system
according to various embodiments; and
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[0044] FIG. 10 a computer system with a plurality of
computer hardware components configured to carry out
steps of a computer implemented method for determining
alignment parameters of a radar sensor according to various
embodiments;

[0045] FIG. 11 an illustration of the vehicle coordinate
system location;

[0046] FIG. 12 an illustration of a sensor coordinate
system with relation to the vehicle coordinate system (VCS);
and

[0047] FIG. 13 an illustration of detection definition in the
sensor coordinate systems.

DETAILED DESCRIPTION

[0048] Radar alignment is a process of determining the
angular misalignment of radar facing direction. Correction
of those mounting errors may be crucial for proper operation
of radar based tracking methods and most of the feature
functions that operate on detections or tracked objects
provided by a radar sensor. Two main classes of methods/
approaches aimed at solving misalignment problem are:

[0049] 1) static alignment methods, which may also be
called factory alignment, due to the reason that they
require specialized equipment to perform the calibra-
tion process; most commonly used static methods use
corner reflectors, Doppler generators, or steel plates;

[0050] 2) dynamic alignment methods, which may also
be called auto-alignment since they may not require
any external (additional) equipment (devices) for the
process. The radar sensor is correcting its facing angles
based on observation of the environment while the car
is moving (i.e. driving).

[0051] FIG. 1A and FIG. 1B shows illustrations 100 and
150 of misalignment and radar field-of-view relationship.

[0052] FIG. 1A shows an illustration 100 of a radar
field-of-view 110 when misaligned in azimuth (along a
horizontal line 102) and elevation (along a vertical split line
104 at the front of the vehicle, which corresponds to 0 deg).
The ideal (or desired or assumed) facing angle 106 is
different from the real (or actual) facing angle 108, so that
a misalignment 112 is present.

[0053] FIG. 1B shows an illustration 150 of a three-
dimensional misalignment in azimuth (ct), elevation (f), and
roll (y). Coordinates axis are illustrated in the vehicle
coordinate system (VCS), i.e. XVCS 152, YVCS 154, and
ZVCS 156. The ground plane 158 is illustrated. The radar
sensor may be mounted above ground plane 158 at the origin
of the vehicle coordinate system. The desired boresight
direction for perfect alignment would coincide with XVCS
152. However, the actual boresight direction 160 is different
from XVCS 152 due to the misalignment, and the difference
between the actual boresight direction 160 and XVCS 152
may be described by the three-dimensional misalignment in
azimuth (@), elevation (f), and roll (y). Due to the misalign-
ment, the desired FOV 162 (field of view) may be different
from the actual FOV 164. However, the desired FOV 162
may be obtained by correction based on misalignment
parameters based on the actual FOV 164.

[0054] To calculate the misalignment in case of a mis-
alignment in azimuth and elevation (disregarding a possible
misalignment in roll), the range rate equation of stationary
detections may be used. It may be derived from the projec-
tion of the negative vehicle velocity vector to the vector of
distance, which forms the equation below:

R==Vycos apes cos Pres=Vy sin Qpes cos Pres—V
sin Pyes M
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where:
[0055] 1 is the range rate (Doppler velocity of stationary
detection);
[0056] V, is the longitudinal velocity of the vehicle

(which may be a vector facing forward from vehicle,
parallel to the ground plane; V, may be the length of
that vector);

[0057] V, is the lateral velocity of the vehicle (which
may be a vector facing left side of vehicle, parallel to
the ground plane; V,-may be the length of that vector);

[0058] V. is the vertical velocity of the vehicle (which
may be a vector facing ground, perpendicular to the
ground plane; V., may be the length of that vector);

[0059] oy is the azimuth measurement of detection
aligned to vehicle coordinate system (wherein the 0
[deg] angle may be defined as facing the same direction
as the front of the vehicle on which the radar sensor is
mounted); and

[0060] B, is the elevation measurement of detection
aligned to vehicle coordinate system.

[0061] VCS aligned measurement angles may be decom-
posed into sensor mounting angles, sensor detection mea-
surement angles as well as sensor mounting misalignment
angles:

Opes—OscstOptdy @

Bres=hscs+BatPar ©)
where:

[0062] 0.5 is the azimuth measurement of detection in

sensor coordinate system (SCS);

[0063] oy is the desired azimuth mounting angle;
[0064] o, is the desired azimuth misalignment;
[0065] Pscs is the elevation measurement of detection

in sensor coordinate system;

[0066] [ is the desired elevation mounting angle; and
[0067] f,,is the elevation misalignment.
urther expanding the equation with speed correc-
[0068] Furth ding th | ith d

tion factor Ve (which may also be referred to as (vehicle)
speed-scaling-error or speed compensation factor) leads to:

Vim )
Vx= 14V,
Vym
Yr= 1+V,
Van
V2= 1+V,
where:
[0069] V,,, is the measured longitudinal velocity of
vehicle;
[0070] V,,, is the measured lateral velocity of vehicle;
[0071] V,, is the measured vertical velocity of the
vehicle; and
[0072] V. is the speed-scaling-error.
[0073] An equation may be created which may be used to

find unknown parameters (B), based on measurements (X),
known constants (C) and equation result (Y) as follows:

A0z} X scsBscs Vi Vi Vamd BlOusPrs
V=Y M
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[0074] Various methods, such as iterative non-linear least
squares regression or error-in-variables methods, may be
used to determine the unknown parameters. The parameters
found by these methods may then further be refined by
filtering in time methods such as Kalman filter.

[0075] FIG. 2 shows a flow diagram 200 illustrating an
overview of methods for determining alignment parameters
according to various embodiments (either not taking into
account a misalignment in roll angle, or taking into account
a misalignment in roll angle, like will be described in more
detail below). At 202, data acquisition may be carried out,
which may include stationary detections, vehicle velocities,
and radar information. At 204, regression may be carried
out, for example including estimation of azimuth misalign-
ment, estimation of elevation misalignment, estimation of
roll misalignment (as will be described in more detail
below), and estimation of speed-scaling error. At 206, fil-
tering (for example using a Kalman filter) may be provided.
[0076] Significant roll misalignment angle of the sensor
(desired sensor roll is usually zero) can greatly impact the
azimuth and elevation measurements, because it reduces
radar field of view as shown below.

[0077] Roll angle misalignment may influence the azi-
muth-elevation misalignment calculation itself.

[0078] FIG. 3 shows an illustration 300 of a radar field-
of-view after introduction of roll misalignment, similar to
what is shown in FIG. 1A (wherein in FIG. 1A no roll
misalignment is illustrated). Ilustration 302 in the left
portion of FIG. 3 shows an illustration from the ground
perspective, and illustration 304 in the right portion of FIG.
3 shows an illustration from the sensor perspective.

[0079] As can be seen from FIG. 3, if the roll misalign-
ment would not be taken into account, the azimuth mis-
alignment may be taken as 0 (zero) or close to 0, and the
elevation misalignment may be estimated to be greater than
the correct value of the elevation misalignment, due to the
fact that the ideal facing angle is exactly below the reported
facing angle as seen by the radar sensor. This may result in
finding wrong misalignment parameters, for example zero
azimuth misalignment and too high elevation misalignment
value.

[0080] The impact of the roll angle misalignment may be
almost unobservable for small angles (for example less than
1 [deg]), and may be growing exponentially with the roll,
introducing highest error at the corners of field-of-view. At
a 30 [deg] radar roll (i.e. a misalignment of the radar sensor
in roll angle of 30 deg), as is illustrated in FIG. 3 and FIG.
4, the error is reducing the field of view of radar by half (the
sensor may observe ground in near vicinity of front of the
vehicle, and the sky above on the opposite side of FOV;
however, both the ground and the sky regions are irrelevant
from the active safety methods perspective). At the same
time, a significant part of important information about
objects located approximately 0.5 m above the ground is
missed. Furthermore, an undetected roll angle misalignment
may make the azimuth and elevation misalignment angles
unreliable. For example, an object at 60 deg azimuth and 5
deg elevation under influence of 5 deg sensor roll misalign-
ment will be reported at azimuth 60.20 deg and -0.2484 deg
elevation.

[0081] The radar roll angle misalignment may be deter-
mined by extending the range rate equation, which makes
estimation of the roll angle possible. The equation may
further improve estimation of yaw and pitch angle misalign-
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ments. After the estimation of 3 angle misalignments (yaw,
pitch, roll) the measured detections may be corrected to
represent detections in vehicle coordinate system or in
extreme misalignment the estimated value may trigger an
alert which will stop the execution of further radar functions.
[0082] The range rate equation (1) may be used together
with equations (2) and (3), which may be extended with the
roll angle influence, what leads to following equations:

Qpes=Oscs+0g+0, ®)

Bres=Bscs +Pat+Bar ®

Oses =Oscs ©08(YartYp)~Bscs sin(fartya) (10)

Bscs =scs sin(YartpHBscs cos(iata) (11
where:

[0083] o is the azimuth measurement corrected by

roll misalignment in sensor coordinate systen;
[0084] p'scs is the elevation measurement corrected by
roll misalignment in sensor coordinate system;
[0085] v,,is the roll misalignment; and
[0086] v is the roll ideal mounting position (which may
usually be 0 deg or 180 deg).
[0087] Therefore, o' SCS and p' SCS may be visualized as
detections with the same distance from radar center of view
(0, 0), but rotated (aligned) with regard to a horizon line
(assuming desired roll mounting angle of 0 [deg]), forming
a ‘compensated field of view’ as shown on FIG. 4.
[0088] FIG. 4 shows an illustration 400 of a radar field-
of-view 110 and a compensated field-of-view 402 according
to various embodiments. Various portions of FIG. 4 are
similar or identical to portions of FIG. 1A, so that the same
reference signs may be used and duplicate description may
be omitted.
[0089] After substitution of eqns. (8) and (9) (' and f'
SCS) to eqns. (2) (3) for aSCS and pSCS, respectively, the
following equations may be obtained:

Opes=Cscs COSartYa)~Bscs SINartYp)+0p+0,, (12)
Bres=tscs sin(YartYe)+Bscs cos(VartHBathar (13)
[0090] This change modifies the general model in equation
(7) to:
F(C{apBpa). ClatscsBscs Vion Vi Vamp BlOup
Buss¥as Vo) =H7} (14)
[0091] The general form of this model can be derived from

range rate equation (1)

Vim 15

Y coslascscos)ym +yp) — Pscssin(ym +yp) + ap +an)-
[

cos(ascssin(yu + ) + Bscscos(ym +yp) + B + Pu) —
VYm
1+ Ve

sin(ascscos(yy +¥p) = Bscssin(ym +yp) +ap +ay)-

cos(ascssin(yu + ) + Bscscos(ym +yp) + B + Pu) —

Vom . .
Tov sin@scssim(ya + ) + Bscscos(yy +¥p) + Bp + Bu)

[0092] Eq. (13) can be simplified with the assumption of
the vehicle moving only in forward direction (VYm and
VZm equal to 0) and elevation and roll desired mounting
angles 0 [deg], to get the following form:
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. Vim . (16)
= mcos(agcgcosy,w — Bscssinyy +ap +ay)-

coslascssinyy + Bscscosyn + Bu)

[0093] Equation (16) may be used to compose (create) an
overdetermined system of equations which can be solved by
various methods to find parameters of interest i.e. misalign-
ment angles and speed compensation factor. In an example,
equation (14) may be used as a model for non-linear least
square regression. For example, the model may be iterative,
which means that the method will iterate over the same
dataset containing data from one time instance to converge
to the solution of non-linear equation in multiple steps
defined by linearization of the model around its operating
point:

(JENAB=JAY 1n
[0094]
AB=(JT 7 JTAY (18)

The matrix equation (17) can be transformed to:

where:

[0095] AB is the update of parameters value in a single
iteration (single step in a solution space);

[0096] I are the partial derivatives of model function
over the parameters (which may be referred to as
Jacobian matrix); and

[0097] AY is the difference between the measured out-
put of the system and model output:

rn-f 19
AY=|
;'n - fn
[0098] The Jacobian matrix may take the following form:
on of 0f 0f o)
Ve dam IBu Oym
J=| : : :
Ve Oam dBu Oyu
where:
af; Vin 21

. WCOS(G‘SCSCOSVM — Bscssinyy +ag +ay)-

cos(@rgsinyy + Byescosyy + Bu)

E AT cos (g oSy — BcsSinyy + g + apy)- @2
day 14V, scsCOSYM — PscsSiYm + @p + Ay

cosl(sessinyar + Bscseosyu + Pur)
_(9ﬁ = Vit cos(@pscos —ﬁ sinyy +ap +ay): @3
day 14V, scsCOSYM — PscsSIym + & + Oy

sin(esegsinyas + Ssescosym + Bur)
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af 24)
dym
VXm i ; . . i .
oV cos(srsCosym — PsesSitlyn + @ + oy ) - sin(@gogsinyy +
Bscseosyn + Bur) @sgscosyiy — Bicssinyu) -
Vim . i ; .
sin(@sescosyy — Bscssiyn +ap +ay)-
1+V,
cos(abegsinyy + Bsescosyi + Bu)-
(@5cssinyy + Bicseosyw)
[0099] The non-linear regression model described by

equations (18) to (24) may be solved after assuming initial
values of parameters:

0 29
0
form=10
0
5 0
T Venat
e
Ml form> 1
Prim-1
YMm-1
[0100] where m is the number of successful alignment

cycles (radar cycles). In other words, a misalignment of 0 in
the azimuth, elevation and roll angles and in the speed-
correction factor may be assumed as the starting point for the
first iteration, and the results of the previous iteration may be
used as starting point for the next iteration.

[0101] Therefore, equation (26) may update model param-
eter values with values at i-th iteration:

B;=B, | +AB; (26)
[0102] Bi may converge to real speed-scaling-error and

misalignment angles at infinite number of iterations (or as
iteration number approaches infinity):

v, @7
limB, =|
1o M
M
[0103] The method according to various embodiments

provides alignment parameters also for the roll axis, which
accurately describes the physical model.

[0104] FIG. 5, FIG. 6, and FIG. 7 illustrate the perfor-
mance of methods according to various embodiments over
simulated data for random (nonzero) misalignments of all
mounting angles i.e. azimuth, elevation, and roll. The fol-
lowing simulation parameters were used:

[0105] number of test cases (samples): 500 000 (same
inputs for each method);

[0106] misalignments (azimuth, elevation, and roll):
pseudorandom values drawn from uniform distribution
on interval [-5:5] deg;

[0107] azimuth boresight pseudorandom value drawn
from uniform distribution on interval [-180; 180] deg;
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[0108]
tion);
[0109]

vehicle moving in a straight line (X, direc-

minimum vehicle speed: 11 m/s;
[0110] number of detections: 64,
[0111] azimuth Gaussian zero mean noise: Standard
deviation 0.3 deg;
[0112] elevation Gaussian zero mean noise: Standard
deviation 1 deg;
[0113] range rate Gaussian zero mean noise: Standard
deviation 0.03 m/s;
[0114] wvehicle velocity Gaussian zero mean noise in
3-axis: Standard deviation 0.2 m/s.
[0115] The result of only a single iteration (first iteration)
of each of compared method is shown in each of FIG. 5,
FIG. 6, and FIG. 7. NL-LS in the method name may stand
for non-linear least squares regression used to find the
solution, and NL-TLS may stand for non-linear total least
squares regression. A 2-axial alignment with no roll estima-
tion is shown for comparison purposes.
[0116] FIG. 5 shows a diagram 500 illustrating azimuth
alignment error distribution according to various embodi-
ments. The deviation angle is illustrated over a horizontal
axis 502. The number of samples is illustrated over a vertical
axis 504. The results for a 2 axial alignment are illustrated
by curve 506. The results for a 3 axial alignment NL-LS
method according to various embodiments are illustrated by
curve 508. The results for a 3 axial alignment NL-TLS
method according to various embodiments are illustrated by
curve 510.
[0117] FIG. 6 shows a diagram 600 illustrating elevation
alignment error distribution according to various embodi-
ments. The deviation angle is illustrated over a horizontal
axis 602. The number of samples is illustrated over a vertical
axis 604. The results for a 2 axial alignment are illustrated
by curve 606. The results for a 3 axial alignment NL-LS
method according to various embodiments are illustrated by
curve 608. The results for a 3 axial alignment NL-TLS
method according to various embodiments are illustrated by
curve 610.
[0118] FIG. 7 shows a diagram 700 illustrating roll align-
ment error distribution according to various embodiments.
The deviation angle is illustrated over a horizontal axis 702.
The number of samples is illustrated over a vertical axis 704.
The results for a 3 axial alignment NL-LS method according
to various embodiments are illustrated by curve 706. The
results for a 3 axial alignment NL-TLS method according to
various embodiments are illustrated by curve 708.
[0119] As shown in FIG. 5 and FIG. 6, even one-time-
instance-based (non-iterative) results are much better in case
of azimuth and elevation misalignment estimation with
3-axial alignment compared to a 2-axial alignment.
[0120] FIG. 7 shows the error distribution of roll angle
alignment, in this case 2 axial alignment is not available as
it does not return the roll angle estimation.
[0121] FIG. 8 shows a flow diagram 800 illustrating a
method for determining alignment parameters of a radar
sensor according to various embodiments. At 802, measure-
ment data may be determined using the radar sensor,
wherein the measurement data may include a range-rate
measurement, an azimuth measurement, and an elevation
measurement. At 804, a velocity of the radar sensor may be
determined. At 806, the misalignment parameters may be
determined based on the measurement data and the velocity,
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wherein the misalignment parameters may include an azi-
muth misalignment, an elevation misalignment, and a roll
misalignment.

[0122] According to various embodiments, the misalign-
ment parameters may further include a speed-scaling error.
[0123] According to various embodiments, system param-
eters may be determined, wherein the system parameters
may include at least one of a desired azimuth mounting
angle, a desired elevation mounting angle, and a desired roll
mounting angle. The misalignment parameters may be deter-
mined further based on the system parameters.

[0124] According to various embodiments, the measure-
ment data may be related to a plurality of objects external to
the radar sensor.

[0125] According to various embodiments, the plurality of
objects may be stationary.

[0126] According to various embodiments, the misalign-
ment parameters may be determined based on an iterative
method.

[0127] According to various embodiments, the misalign-
ment parameters may be determined based on an optimiza-
tion method.

[0128] According to various embodiments, the misalign-
ment parameters may be determined based on a non-linear
least squares regression method.

[0129] According to various embodiments, the misalign-
ment parameters may be determined based on a non-linear
total least squares regression method.

[0130] According to various embodiments, the misalign-
ment parameters may be determined based on filtering.
[0131] According to various embodiments, the measure-
ment data may be determined using a plurality of radar
SEnsors.

[0132] According to various embodiments, the velocity of
the radar sensor and the misalignment parameters may be
determined simultaneously by solving an optimization prob-
lem.

[0133] Each of the steps 802, 804, 806 and the further
steps described above may be performed by computer
hardware components.

[0134] FIG. 9 shows an alignment parameter estimation
system 900 according to various embodiments. The align-
ment parameter estimation system 900 may include a mea-
surement data determination circuit 902, a velocity deter-
mination circuit 904, and a misalignment parameters
determination circuit 906.

[0135] The measurement data determination circuit 902
may be configured to determine measurement data using a
radar sensor, the measurement data comprising a range-rate
measurement, an azimuth measurement, and an elevation
measurement. The radar sensor may be a part of the mea-
surement data determination circuit 902 or may be provided
external to the measurement data determination circuit 902.
[0136] The velocity determination circuit 904 may be
configured to determine a velocity of the radar sensor. The
velocity sensor may be a part of the velocity determination
circuit 904 or may be provided external to the velocity
determination circuit 904.

[0137] The misalignment parameters determination circuit
906 may be configured to determine misalignment param-
eters of the radar sensor based on the measurement data and
the velocity, the misalignment parameters comprising an
azimuth misalignment, an elevation misalignment, and a roll
misalignment.
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[0138] The measurement data determination circuit 902,
the velocity determination circuit 904, and the misalignment
parameters determination circuit 906 may be coupled with
each other, e.g. via an electrical connection 908, such as e.g.
a cable or a computer bus or via any other suitable electrical
connection to exchange electrical signals.

[0139] A “circuit” may be understood as any kind of a
logic implementing entity, which may be special purpose
circuitry or a processor executing a program stored in a
memory, firmware, or any combination thereof.

[0140] FIG. 10 shows a computer system 1000 with a
plurality of computer hardware components configured to
carry out steps of a computer implemented method for
determining alignment parameters of a radar sensor accord-
ing to various embodiments. The computer system 1000
may include a processor 1002, a memory 1004, and a
non-transitory data storage 1006. A radar sensor 1008 and/or
a velocity sensor 1010 may be provided as part of the
computer system 1000 (like illustrated in FIG. 10) or may be
provided external to the computer system 1000.

[0141] The processor 1002 may carry out instructions
provided in the memory 1004. The non-transitory data
storage 1006 may store a computer program, including the
instructions that may be transferred to the memory 1004 and
then executed by the processor 1002. The radar sensor 1008
may be used for determining measurement data as described
above. The velocity sensor 1010 may be used to determine
the velocity as described above.

[0142] The processor 1002, the memory 1004, and the
non-transitory data storage 1006 may be coupled with each
other, e.g. via an electrical connection 1012, such as e.g. a
cable or a computer bus or via any other suitable electrical
connection to exchange electrical signals. The radar sensor
1008 and/or the velocity sensor 1010 may be coupled to the
computer system 1000, for example via an external inter-
face, or may be provided as parts of the computer system (in
other words: internal to the computer system, for example
coupled via the electrical connection 1012).

[0143] The terms “coupling” or “connection” are intended
to include a direct “coupling” (for example via a physical
link) or direct “connection” as well as an indirect “coupling”
or indirect “connection” (for example via a logical link),
respectively.

[0144] It will be understood that what has been described
for one of the methods above may analogously hold true for
the alignment parameter estimation system 900 and/or for
the computer system 1000.

[0145] In the following, further embodiments will be
described. These embodiments may provide simultaneous
estimation of host vehicle velocity and radar misalignment
based on multiple Doppler radars detections.

[0146] As used herein, various coordinate systems may be
used.
[0147] An ISO—earth fixed coordinate system may be

based on an axis system which remains fixed in the inertial
reference frame. The origin of this coordinate system may be
fixed on the ground plane. The position and orientation may
be chosen in an arbitrary manner (for example based on the
desired application). The naming in ISO standard for the
system may be (xE; yE; zE).

[0148] A further coordinate system may be the vehicle
coordinate system.

[0149] FIG. 11 shows an illustration 1100 of the vehicle
coordinate system location. The vehicle coordinate system
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may include a right hand sided axis trio: (XV; YV; ZV). The
values in coordinate system may be denoted as (xV; yV; zV).
The vehicle coordinate system may be in the center of the
rear axle for a vehicle in a steady state. The coordinate
system may remain fixed to the vehicle sprung weight
meaning that during motion or on inclinations it may not be
aligned with the rear axle. The location of the VCS on the
vehicle body at rest with respect to vehicle dimensions may
be as presented in FIG. 11, where in a side view in the top
portion of FIG. 11, the host vehicle 1102 at rest is shown on
a ground plane 1104, with rear overhang 1106 and a distance
1108 between rear axle and front bumper. At top view of
shown in the bottom portion of FIG. 11, with the sprung
weight centerline 1110 indicated. The axis (XV; YV; ZV) are
also shown in FIG. 11.

[0150] A further coordinate system may be the sensor
coordinate system.

[0151] Sensors like LiDARs and radars report detections
in the polar coordinate system. Each detection may be
described by the trio of: range; azimuth; elevation.

[0152] FIG. 12 shows an illustration 1200 of a sensor
coordinate system with relation to the vehicle coordinate
system (VCS). The origin of the sensor coordinate system
may be defined in respect to the VCS by translation 1202
and rotation 1204.

[0153] FIG. 13 shows an illustration 1300 of detection
definition in the sensor coordinate systems. The sensor
origin 1302, the X axis 1304, Y axis 1306, and Z axis 1308
are shown. Detection azimuth 1310 may be defined as an
angle between the X axis 1304 and the projection 1318 of
the line connecting the origin 1302 and the detection 1316
on the (X; Y) plane. Detection elevation 1312 may be
defined as an angle between the (X; Z) plane and the line
1318 connecting the origin and the detection 1316. Detec-
tion range 1314 may be defined as the cartesian distance
between the sensor origin 1302 and the detection 1316.
[0154] Every radar scan may produce a set of (radar)
detections, where each of the detections may have following
properties:

[0155] range (which may be the distance from sensor
origin to detection, as illustrated in FIG. 13);

[0156] range rate (which may be the radial velocity of
detection; in other words: the temporal derivative of the
range);

[0157] azimuth (for example as shown in FIG. 13); and

[0158]

[0159]
Pfo'yy]”

[0160] The range rate equation for a single raw detection
from target may be given as:

elevation (for example as shown in FIG. 13).
Target planar motion may be described by:

o s z S o iy, z 1l i
#4v,° cos 6'+v, sin 8=y,  cos 6'+y,sin O

where:
[0161] P —i-th detection range rate,
[0162] ©'—i-th detection azimuth.
[0163] To simplify the notation, the notion of a compen-

sated range rate may be introduced and defined as:
Py =11, €08 01" sin 67
[0164] Then range rate equation may be reduced to:

=y’ cos 0'+v,’ sin 6

T ormp
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[0165] In vector form, it may be described as follows:

t

cost sinOi][ : }
v,

Fomp = [

Coeficients v,” and v,/, may be called velocity profile.
[0166] The velocity profile may be successfully estimated
if at least 2 detections from one target object are available.
This estimation can be done by application of least squares
method or method presented in US 2019/0369228. Both
methods may provide an estimation of velocity profile and
its covariance matrix:

v B IVP = [0'» o

[0167] The Gauss-Newton optimization method may be
used for minimization of a function in quadratic form:

Q=W f ()

[0168] The Gauss-Newton optimization method may
include the following steps:
1. The point p°, function f(u) and its Jacobian matrix

l¢]
= %

may be given initially. Set i=0.
2. Set y'=1.

3. Compute:
[0169]

W = ) ) S ()
4, If Q(W*">Q(u), set y=Y2 v’ and repeat from 3.
5. Terminate if stop criteria reached.
6. Otherwise set i=i+1 and repeat from 2.
[0170] According to various embodiments, devices and
methods may be provided for simultaneous estimation of
vehicle velocity and radars misalignment angles. Such an
approach may not be possible for a single radar, because
only by having multiple radars, the measurement from one
sensor may be corrected based on other sensors measure-
ments.
[0171] In the following, the method for the 2D (two-
dimensional) case will be described.

[0172] Range rate equation in the 2D case may have the
following form:

SCS
x SCS SCS 3 : S
—F = vgreosd + viysing = [cosf sinf]|
5y

where:
[0173] i may be the range rate of detection,
[0174] © may be the azimuth of detection,
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[0175] [v,.* VS,ySCS]T may be the sensor velocity reported

in Sensor Coordinate System (SCS).

[0176] If c is sensor yaw angle, then the detection range
rate may be a function of sensor velocity in the Vehicle
Coordinate System (VCS) and may have the following form:

cs

cose  sina |[ Vax
—i = [cosf sinﬁ][ } =

: Vs
—Sin¥ Ccosw sy

= [cos(f + &) sin(6 + 0/)][ = }

ves
5y

where
Scs
[V:,x v

[0177] . may be the sensor velocity
reported in Vehicle Coordinate System (VCS), and

[0178] the sensor yaw angle oo may be the sum of the
calibration angle o, and the misalignment angle o ,.

55‘5] a

=0+,

[0179] The sensor velocity may be also presented as
function of host velocity in VCS:

J Vex = Viy — @AY 1

1 ox = Viy T AL I

Vsx

where
cs vcs] T

[0180] [v,." ™, v, may be the host velocity
reported in Vehicle Coordinate System (VCS),

[0181]
[0182]

[0183] Based on those equation range rate equation may
be written as:

o may be the host yaw rate,

Ax, Ay may be the position of radar in VCS.

—F = [cos(ap + @, +O) sin(ag + @y +O)]|
Viy + @AY

WS- oAy }

[0184] Considering all static detections from all radars
may provide the following system of equations:
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-continued

cos(ap + ), + 0%)[\/2&5 — wAY] +sin(od + ol + Hi)wlf; + wAX]
cos(ah + oy +05)[Vi — wAY] +sinfh + L, + 0%)[\/;16; + wAx]

cos(ozé +al+ 0,1\,1 :I[V,Vfi - wAy] + sin(oz(l) +al, + 0,1\,1 )[v{f; + wAX]

cos(al + o, + 0%)[\/2? — wAy] +sin{od + o2 + 6‘%)[\/;16; + wAx]

cos(a + ot + G%M vy — wAyl + sin(e}! +aM + G%M Why +wAx]
[0185] In short, this may be written as:
-7=h(p)

where

ves
Vhx

ves
Vi

[0186] Based on this, the vector p of host velocity and
radar alignments may be found by optimization of the
following function:

Fp=hp)#

[0187] This optimization may be done by the Gauss-

Newton method as described above, where the Jacobian

matrix has the following form:

ahi(p) 3hiip)
vy Aot
J(p)= .
A, () ahyt (p)
v ot
where:
ah(p)
#{lm = cos(a/(‘) + o/km +0,l(),
anp) _
B‘I:;/lcs = Sll’l(ll/(() + 0/;4 +0I£)’
Akt (p
% = sin(ch + o, + 01 )Ax — cos(oh + X, + 6))Ay,
(P
dak,

ves

—sin(a +of, + 0,{)[\/{1;J —wAY] + cos(eh + ¥, + 0,{)[V,W + wAx],

anp) _
FE

i
m

otherwise 0.
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[0188] Based on this Jacobian matrix, the Hessian matrix
may be approximated in the following form:

Hyp o Higss

I i) =] i :

w o Hogeawes)

where:

N

M
y Okt ah
= 7 99,

k=1 =1

Moreover, for the optimization method, the matrix
JP)IF+h(p))
may be needed, and it may be calculated as:

M Ny

Ak
2 Jeke

x=1 =1

Mo

k=1 =1

I f( +h(p) =

[0189] In the following, the 3D case will be described.
[0190] In the 3D case, the range rate equation may have
the following form:

SCS
Vs X
scs SCs Scs SCS.

cosBsingvy + sinfeosgvy —singv; = [cossing sinfcosg — sing]| V)

scs
Vsz

where:
[0191] [v, % v, v, ;“]T may be the sensor velocity
in Sensor Coordinate System (SCS),
[0192] © may be the azimuth of detection,
[0193] ¢ may be the elevation of detection.
[0194] Inthis case, radar orientation may be assumed to be
in 3D, so it may have yaw, pitch, and roll angle:

@

@y

[0195] Also, in this case real orientation may be the sum
of calibrated orientation and misalignment:

Qo,r (€773
W=yt =|%yp |+| Tmp

@0,y m,y
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[0196] Taking this orientation into account, the range rate
may be presented by sensor velocity in VCS by the follow-
ing equation:

ves

Vsx

—F = [cosfsing sinfcosg — sing]R(e)” Ve

VCS
Vs

where
[0197] [v,. v, v, ,Z”CS]T may be the velocity of
sensor in Vehicle Coordinate System (VCS),
[0198] R () may be a rotation 3D matrix obtained by

rotation around axes in following order: OZ, OY, OX.

[0199] To simplify calculations, the following assump-
tions may be reasonable:

0, =0,

0,0,

v, =0,
[0200] It will be understood that the dot in the first

assumption may stand for r and/or p, and/or y.
[0201] Then the rotation matrix may have the following
form:

o2 i3
R@)=|ry r

31 T2 r3

[0202]

F1,=C08 Qg =0, ., SIN Ol

where:

ro1=(sin Og 40, €0S Ay )(€0S @, o=, , SiN Ag,),

7317810 O ,,+Qyy 5, COS QU

71=(SIN Qg 0L, , €OS Qo+, (€08 Qo =0, , SID
g, )(8IN Qg+, , €OS Qg ),

722=(CO8 Olg =0y, , SIN Olo )= CLy,,(SIN Clg, =Ly, €OS
Oo, )(SIN Qo+, COS Clg ),

1'397=0,, (€08 Ug =Ty ,, SIN Ol ),

713=(SI0 Ol 40l €OS Qg =0y (€O Qg y=C,y, , SIT
g, )(SIN Qg+, SOS Qg ),

723==Cly, (€08 Qg =Ly, SN Qg HH(SI Qg+, , COS
Qg )(SIN Qg ,+Clg,, COS g ),

1337C0S Og =0y, ,, SINL Ol
[0203] Summing up all of these equations, the range rate
equation may be written as:

-7=v,,"%(cos O cos g +sin O cos @y —sin @ry )+
ves N 1 .
Vi (€08 8 cos @r 5 +5in O cos @ryo-sin @rs;)

[0204] Considering all detections from all radars, an opti-
mization problem may be formulated for finding the host
velocity and radars misalignments angles (which may be
similar to the 2D case as described above):

-Fh)
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where:

ves
hx

ves

Viy

[0205] This may be solved by a nonlinear least squares
method with usage of a Gauss-Newton method, as described
above, for which the Jacobian may be provided in the
following form:

ahi(y) ahi(y)
e daM
Jy) =
M, ) O, &)
dvye daM

where the parameters of the Jacobian are defined as:

ah(v)

VCS
v

= cos@icosgo‘-(cay_o - ay,msay,o) +

sin@;cow;(—(sayyo + Dly,mCay,o)(Cap,o - ll’p,mSap,o)) -
S0 (S2,,0 + XpmCap,0)-

Ah(v)

VCS
v

= cos@;cosgo;((sayyo + ozy,mcayyo) +
O'r,m(Cay,o - a’y,mSay,o)(SaP,o + ozp,,,,cap_o)) + sinf;cos
W;[(Cay,o — CySy0) = @rm{Say,0 + TynCay 0)(Sap0 + pmCay o)) +

Sm@i(%,m (Cap,O + wp,mSap,o)),

dh(v) A Ah(v) Ah(v)

=Ax —Ay

dw Fvyes Jwies
Oht) =-(V& -A w)[c S+ \/c o s i ﬂ+
Bag,, T Ae ) T el T el
ves y . .
(Vg + Azw)[cl[ca,ﬁo - S"‘y,o (Sa‘p,o + ozpvmca,%o]) -
( i i
¢ |~50§ o + w,’mcaiv 5 (S“iv o + ozp’mca;P 70))],
m = —(vV“—Ayw)[czo/ (5 P -l o )+03c i ]+
n - i q 1 1

Baf‘pm = P.0 @0 el abg

(vm+Axa))[clc P (c io—ak s )+
X ap,O rm ay=0 xm ay,(?
€20 (5- —al \\+C3Q'i c.i ]
i ’ i i
BT A T T ol
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-continued
h(v)
dat

nm

YC5 i i
=-(v —Axw)[cl(c P =S )(s +a,,c.0 )—
= ST T VA T I G )

i

. ‘
cs-+w‘c-)s-+a c-)—
2( a"y,O ym a‘y,O '\ C"p,O pm C"p,O

, .
;
ale; =-adb s ﬂ
'~ a0 P,

What is claimed is:

1. A method, comprising:

determining, by computer hardware components of a

system, misalignment parameters of a radar sensor of
the system, determining the misalignment parameters
comprising;

determining, using the radar sensor, measurement data,

the measurement data comprising a range-rate mea-
surement, an azimuth measurement, and an elevation
measurement;

determining a velocity of the radar sensor; and

determining, based on the measurement data and the

velocity, misalignment parameters the misalignment
parameters comprising an azimuth misalignment, an
elevation misalignment, and a roll misalignment.

2. The method of claim 1, wherein the misalignment
parameters further comprise a speed-scaling error.

3. The method of claim 1, further comprising:

determining, by the computer hardware components, sys-

tem parameters comprising at least one of a desired
azimuth mounting angle, a desired elevation mounting
angle, and a desired roll mounting angle,

wherein determining the misalignment parameters com-

prises determining the misalignment parameters further
based on the system parameters.

4. The method of claim 1, wherein the measurement data
is related to a plurality of objects external to the radar sensor.

5. The method of claim 4, wherein each of the plurality of
objects external to the radar sensor is stationary.

6. The method of claim 1, wherein the misalignment
parameters are determined based executing the steps of the
method in an iterative manner.

7. The method of claim 1, further comprising:

executing, by the computer hardware components, an

optimization function,

wherein determining the misalignment parameters com-

prises determining the misalignment parameters further
based on executing the optimization function.

8. The method of claim 7, wherein determining the
velocity of the radar sensor and determining the misalign-
ment parameters occurs simultaneously by executing the
optimization function to solve an optimization function.

9. The method of claim 1, wherein determining the
misalignment parameters comprises determining the mis-
alignment parameters further based on at least one of:

executing, by the computer hardware components, a non-

linear least squares regression flinction;

executing, by the computer hardware components, a non-

linear total least squares regression function; or
executing, by the computer hardware components, a fil-
tering function.

10. The method of claim 1, wherein determining the
measurement data comprises determining the measurement
data using a plurality of radar sensors including the radar
Sensor.
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11. The method of claim 1, further comprising:

correcting, based on misalignment parameters, the mea-

surement data to obtain corrected measurement data.

12. The method of claim 11, wherein the system com-
prises a vehicle comprising a radar system that includes the
radar sensor, the method further comprising:

outputting, to one or more additional computer compo-

nents of a vehicle, the measurement data for controlling
the vehicle.

13. The method of claim 12, wherein the vehicle com-
prises the radar system.

14. A system, comprising:

one or more computer hardware components configured

to determine misalignment parameters of a radar sensor

by at least:

determining, using the radar sensor, measurement data,
the measurement data comprising a range-rate mea-
surement, an azimuth measurement, and an elevation
measurement;

determining a velocity of the radar sensor; and

determining, based on the measurement data and the
velocity, misalignment parameters the misalignment
parameters comprising an azimuth misalignment, an
elevation misalignment, and a roll misalignment.

15. The system of claim 14, further comprising:

a radar system of a vehicle including the radar sensor.

16. The system of claim 15, further comprising:

the vehicle including the radar sensor,

the one or more computer hardware components being

further configured to:

correct, based on misalignment parameters, the measure-

ment data to obtain corrected measurement data; and
control, based on corrected measurement data, the
vehicle.
17. The system of claim 14, wherein the misalignment
parameters further comprise a speed-scaling error.
18. The system of claim 14, wherein the one or more
computer hardware components are further configured to:
determine system parameters comprising at least one of a
desired azimuth mounting angle, a desired elevation
mounting angle, and a desired roll mounting angle; and

determine the misalignment parameters by at least deter-
mining the misalignment parameters further based on
the system parameters.

19. The system of claim 14, wherein the measurement
data is related to a plurality of objects external to the radar
sensor, wherein each of the plurality of objects is stationary.

20. A non-transitory computer readable medium compris-
ing instructions that, when executed, configure computer
hardware components of a system to determine misalign-
ment parameters of a radar sensor of the system by at least:

determining, using the radar sensor, measurement data,

the measurement data comprising a range-rate mea-
surement, an azimuth measurement, and an elevation
measurement;

determining a velocity of the radar sensor; and

determining, based on the measurement data and the

velocity, misalignment parameters the misalignment
parameters comprising an azimuth misalignment, an
elevation misalignment, and a roll misalignment.
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