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Agenda

- Different Usage for Radar Modeling

- Radar Design Workflow
— DSP Design and Simulation
— RF/Antenna Modeling

= High Level Simulation with Probabilistic Model
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Agenda

- Radar Modeling with Fidelity Control
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Two Personas using Automotive Radar Sensor Models

Radar Designers Radar Users
=l Detections Detections
R r Sensor Radar Sensor
World / - adar Senso el Tracks World / Tracks
Truth Truth
mmp |Q Data
—
Lidar Sensor
Antenna RF Signal
Front-End || Processing Camera Sensor
Ultrasound Sensor
MathWorks
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Radar Modeling and Simulation

DSP Algorithm Modeling

MathWorks

AUTOMOTIVE CONFERENCE 2019

Antenna/Array/RF

Signal
Processing

— Waveform
Generation

Radar Signal
Processing
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Target
Classification

Scheduling
and Radar Control

Tracking and
Sensor Fusion
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Radar Modeling and Simulation

Probabilistic Model

Tamger Clustors
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Target
Classification

Radar Sensor

Tracking and
Sensor Fusion
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Automotive Radar Sensor Models

RF/Antenna Model

4\ MathWorks

Probabilistic Model

Engineers

Model usage
Outputs
Benefit

Disadvantage

DSP algorithm Model

Radar Designers

Radar Algorithms

|IQ Data or Detections

Radar Designers

Analog-mixed Signal
Simulation

|Q Data

Highest Fidelity

Simulation speed

Radar Users

Sensor Fusion,
Controller

Detections or Tracks

Simulation Speed

Can’t Access IQ Data

MathWorks
AUTOMOTIUE CONFERENCE

2019



4\ MathWorks

Agenda

- Radar Design Workflow
— DSP Design and Simulation
— RF/Antenna Modeling
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Radar Simulation and Modeling Architecture

Transmit

Waveform Transmitter
ﬁ Gen(;rator ) p. ) Ar(r;ay ﬁ
t

P.G:G 120 Environment,
P = . Targets, &
(47‘[)3Rt2R7%L Interference (L, o, R, R,)
; Signal Receiver Receive ’
4= G <4 Array

Processing G,

= Functions for calculations and analysis

= Apps for common workflows

= Parameterized components for system modeling

= Easy path to increased fidelity for antenna and RF design
= Code generation for deployment
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Radar Model to Simulate High Fidelity Raw Data

Mixed-Signal Algorithms
Antenna, Antenna arrays Continuous & discrete time beamforming, beamsteering,
type of element, # elements, configuration AN MIMO _
* Simulink « Phased Array System Toolbox
* Antenna Toolbox + DSP System Toolbox

« Communications System Toolbox
 Phased Array System Toolbox « Control System Toolbox \ . DSP System Toolbox

W/ ADC i) Signal
N Processing
]

Tracking &
« Sensor Fusion and Tracking
Toolbox
DAC
« Communications System Toolbox N\
 Phased Array System Toolbox
Channel / . Phased Array S_ystem Toolbox
interference, clutter, noise - RF Blockset * Signal Processing Toolbox
«  RE Toolbox Wavelet Toolbox
hWork d
MathWorks RF Impairments i
AUTOMOTIUE CONFERENCE 20189 P Waveforms & Resource SchedH)Ilng

frequency dependency, non-linearity, noise, mismatches
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Path to Higher Fidelity

- Extend model fidelity over project evolution
= Simple interface to replace off-the-shelf components with custom ones

Antenna element Target model Propagation model RF signal chain
Ideal elements Point target Free space Baseband
EM solver with mutual Synthesized backscatter Line of sight atmospheric RF components
coupling (angle & frequency) effects
Measured pattern import Measured return (angle & Multipath, terrain and ducting  Analog-mixed simulation
frequency) effects
MathWorks
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DSP Algorithms for Radar Systems
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Beamformer

LCMV

X Beamformer

Y

e

GSC Beamformer

LCMV Beamformer

Frost
XX Beamformer YPIX
Frost Beamformer
MVDR
> X Beamformer Yp > X

Phase Shift
Beamformer

Subband MVDR
Beamformer

-
W

MVDR. Beamformer

Phase Shift Beamforme

Subband MVDR
Beamformer

Subband
Phase Shift Y
Beamformer

p. D

P )X

Time Delay
Beamformer

Y

P )X

Time Delay LCMV
Beamformer

-
W

Subband Phase Shift ~ Time Delay Beamformer

Beamformer

Time Delay LCMV
Beamformer

Beamforming
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Stretch Processor

Time Varying Gain

Detections

A A% Idx
CA CFAR 2-D Y CA CFAR Y ox DBSCAN
Clusterer
N1dx Nidx Clusters
2-D CFAR Detector CFAR Detector DBSCAN Clustering
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Spectrum Y >> Spectrum ¥ >> DOA Ang >
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DOA Ang b X Spectrum Yp3 Spectrum vp
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ULA MVDR Spectrum
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URA Sum and Difference
Monopulse

Direction of Arrival

12



Antenna Array Design

Array Geometry 0°

linearAray of patchMicrostrip antennas
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Beam Steering

MathWorks
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Directivity (dBi)
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Azimuth Cut (elevation angle = 0.0")
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Synthesizing an Array from a Specified Pattern

= Introduce optimization workflow

Amray Geometry
(&) [ ] © )
®
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https://blog.naver.com/matlablove/221205030640

Desired Beam
Pattern Attributes

4\ MathWorks

Initial Beam
Pattern

Develop Cost
Function
to Drive Desired
Pattern Attributes

Run Through
Optimization

Develop
Constraints that
Need to Be
Considered

[ Generate Weights
(and optionally
element
positions) to
produce the

pattern

https://kr.mathworks.com/company/newsletters/articles/synthesizing-an-array-from-a-specified-pattern-an-optimization-workflow.html
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Hybrid Beamforming
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4 subarrays of 8 patch antennas operating at 66GHz - 4x8 = 32 antennas
Digital beamforming applied to the 4 subarrays (azimuth steering)

RF beamforming (phase shifters) applied to the 8 antennas (elevation steering)
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RF Front End Modelling using Circuit Envelope

= Direct conversion to IF (5GHz) and superhet up-conversion to mmWave (79GHz)

= Non-linear impairments such as IP2, IP3, P1dB.
= Power dividers (e.g. S-parameters)
= Variable phase-shifters

Parameters

Gain (dB)

8

LO Leakage (dB)
-80

Image Level (dBc)
-60

OIF3 (dBm)

21
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30

]
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Radar Waveform Analyzer

4\ Radar Waveform Analyzer-untitled*

[ e TEseB0e
E:_:]jH E\[_;:' @Delete ﬁ @ % Q//,

=
New Open Save Add B Duplicat Real and  Magnitude  Spectrum Default ~ Generate Export
v A Waveform = —-PICAE Imaginary  and Phase Layout = Simulink¥ ¥
FILE LIBRARY MANAGEMENT ANALYSIS LAYOUT EXPORT a
| Library | j Ambiguity Function-Contour 1 Real and Imaginary \ | Characteristics |
Waveform Name| Range Resolution | Doppler Resolution
;100000 o g
SEmpRRE Ambiguity Function 1 Waveform 15 km 05 kHz Okm
T T T T T |
Waveform - [FMCW]
40 - 7 109
30
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20
- 07 < >
| Parameters \ N 10 - | Persistence Spectrum |
I |-
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Waveform: [FMCW hid “°
o 0r 0
o
Sweep Time (s): 0.002 _& 0.5
© -10r1 o
Sweep Bandwidth (Hz): | 10000 & z 50
04 g =
=i Directi Triangle ™ - = b
weep Direction g 20 5 -100 OS
& =
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30 ] 3
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-200
(v 4 50 : . . . s , 0.1
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Del -50 0 50
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Sensor Array Analyzer

4\ Sensor Array Analyzer - untitled* X

=, e CEnEEEEer
ED:I ﬁ & lIl E o) E Steering Angles (deg E E

- - - o
New Save Import Array 3D 2D Grating Lobe i (L Default  Export
- v uLa URA Isotropic Cosine Geometry | Pattern| Pattern¥  Diagram Phase Shift Quantizat Layout A
FILE ARRAY ELEMENT PLOTS STEERING LAYOUT | EXPORT a
| Parameters | | Array Geometry | 3D Pattern J Azimuth Pattern 1 | Array Characteristics |
rArray Geometry - Uniform Rectangular ——— | @ 79 GHz
: . . Array Directivi 1818 dBiat0 Az O El
Size [4 8] Azimuth Cut (elevation angle = 0.0°) / Y
90 Array Span ¥=0my=13.29 mmz=5.7T mm
Element Spacing 0050051379 |m ¥ Number of Elements 32
120 60 HPBW 12.88° Az/42.00° El
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SLL 1339dE Az/-dBEI
Array Mormal X ™
150
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Row Taper None &7
Column Taper Hamming ~
180 0
rElement - Cosine Antenna
Cosine Power 11
Propagation Speed (m/s) 300000000
-150
Signal Freguencies (Hz) 7988
A \
PrY 120 -60
-90
79GHz;No Steering
. L . . -
Directivity (dBi), Broadside at 0.00 7 o
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Radar Equation Calculator, RF Budget Analyzer

4 Radar Equation Calculator

Fle Help

Calculation Type:

Radar Specifications
Wavelength:

Pulse Width:
System Losses:

Noise Temperature;

Configuration:

Gain:

Peak Transmit Power:

SNR: | »

Target Range:

Target Radar Cross Section:

Target Range £

Target Range
Peak Transmit Power

SNR

T HS ~
0 dB

290

1 m? v
Monostatic v
20 dB

1 kw v
10 dB

10.32 km v~
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4\ rr Budget Analyzer - untitled

ANALYSIS
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@ =2 Ne e ¥

New Open Save Delete Amplifier Modulator S-parameters Generic Filter

Plot Smith Polar  Export
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Model FMCW RADARs at mmWave Frequencies

4\ MathWorks

& FMew Spectrogram

Fle Tocls View Simulation Help

< Figure 1: Clusters

Fle Edit VMiew Insert Tools Desktop Window Help
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= :g {4 Echo Spectrogram - X {4\ Dechirped Spectrogram - [m] X
?Q:QQ File Tocls View Simulation Help > File Tocls View Simulation Help
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Ready RBW=8.38 MHz Sample rate=150 MHz Time res.=106.67 ns

Cffset=4.7005 ms

T=0.005

Ready

RBW=9.38 MHz Sample rate=150 MHz Time res.=1086.67 ns

Offset=4.7005 ms

T=0.005
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Model FMCW Radar — RF Front-End

[ Modify Simulation Parameters | FMCW Radar Range’ Spee‘tr and Angle Estimation Info

Block Parameters: Radar Transmitter X
EMCW f T itt N Transmitter
ransmitter . . . . . s
-L Ni?r’;":rlr]:;d Amplify and transmit the signal. Transmitter can either maintain coherence

Ang between pulses or insert phase noise.

Source code

Parameters

bhil.

FMCW Spectrogram

Peak power (W): ‘paramFMCWRSA.ppow ‘ A

Po:

Gain (dB): \paramFMCWRSA. TxGain E

E— oss factor (dB): |0 E
GOr— SL RF I Do Do[ RF SL l:‘ Enable transmitter status OUtpUt
B oy e Preserve coherence among pulses

RF

TIR Switch

Simulate using: |Interpreted execution <

X

MNarrowband ]
Rx Array Ang ‘)
Radar Copyright 2015-2019 The MathWorks Inc. Channel and Target

MathWorks
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Model FMCW Radar — Transmit Array Antenna

Block Parameters: Narrowband Transmit Array x
Narrowband Transmit Array A
Transmit narrowband plane waves through each element of the sensor array
[Modify Simulation Parameters | FMCW R d r R ng Sp d nd Ang‘ and combine the radiated signals using far field approximation.
adar Kange, eeda, a cource code
Main Sensor Array
Specify sensor array as: |Array (no subarrays) ©
- Element
FMCW > Transmitter Y > Transmit Element type: |custom Antenna 1
—» Ar ray Operating frequency vector (Hz): \[ 0, 120 ] |
4\ Sensor Array Analyzer - O X Frequency responses (dB): ‘[ 0,0] |
SDlalEeN CRENNETEIEIONC) Azimuth angles (deg): -180:180 |
RG] TS Elevation angles (deg): -90:90 | H
Coordinate . »
‘ _ Magnitude pattern (dB): ‘zeros(181,361) |
3D PATTERN A ) Pos
| Array Geometry J 3D Pattern .l | Array Characteristics | Platform Phase pattern (deg): ‘zeros(181,361) |
77 GHz No Steerin Vel - i
- 5 Array Directivity 6.02 dBi at Align element normal with array normal
z Array Span x=0 my=5.6/ Radar Motion
Az 0 Y Number of Elements 4 Array
90 5 HPBW 26.30° Az/ Geometry: ULA .
o FNBW 60.00° Az/{f
é‘ s JEGIEGY Number of elements: ‘4 | g
15 2
o 'g Element spacing (m): ‘O.S*paramFMCWRSA.Iambda |
X 90 ©
Az 10 -25 g Array axis: y N
ElO
< L Taper: 1 B
-35 X
‘ >| J Cancel || Help || Apply

Radar Copyright 2015-2019 The MathWorks Inc. Channel and Target
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Model FMCW Radar — Signal Processing

X
DOA

DOA Estimation ~ Detldx
Angle Clusters
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II
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Target Motion
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Visualizing Radar anc

4\ Scenario Viewer

File View Playback Help
W5 g

L= | |¥ Settings
¥ Scene
Reference: Radar 1 -
Show Beam: All Radars -
Beam Width: [5 5] deg
Beam Range: [4000 2000] m
Beam Steering [-1.5 170,10 -28] deg
Trail: 500 points
Title:
Legend: Ground: v/
¥ Camera
Perspective: Custom -
Position: [18447 39 21473 18 6880 77] | 'm
’7 Orientation: [126 6 -12.4 0] deg
|~ | || ViewAngle: 7.38 deg
Processing

Radar 2
2 4.23 km

arget 1

range: 2.36 km

T=980 Frame 100

4 Range-Time Intensity Scope

==

File Tools View Playback Help

Qe i HEA

Range-Time Intensity
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Target Trajectory
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| ¥ Annotations
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= Target 1
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Automated Driving Simulation with IQ-level Radar Signal

4\ Figure 1: Automated Driving

File Edit View Insert Tools Desktop Window Help
_] .4’ d # Dt .\ ~

Chase Camera View

9L L-2 0B D
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100 Range-Doppler Image
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|
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[

Radar Signal Simulation
and Processing for
Automated Driving

IModel a radar's hardware, signal
processing, and propagation
environment for a driving scenaro.
First you develop a model of the

Open Script

26



&\ MathWorks

Simulating Micro-Doppler Signhatures

Speed vs. Time

Speed vs. Time

2
4
1.5
Pedestrian Trajectory o Bicyclist Trajectory
l L]
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1-20 o.{o

\ 0.5 . . _
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1 2 3 a 5 6
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Micro-Doppler for Pedestrian Bicycle
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Pedestrian Micro-Doppler with and without Parked Vehicle

500 — 500

.t..'

400 400

300 300

200 200

E 100 | % : 100 %
E-WD .. :é £ :100 E
:399 - \' e -300
" 1 Time (s) " ’ Time (s)
Micro-Doppler for pedestrian (only) Micro-Doppler for pedestrian and
MathWorks parked vehicle
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Pedestrian and Bicyclist Classification Using Deep Learning

Raw radar signals

o b b bk B

obtained by %’ § g 1000
simulations K] Nt =
) ) |
< c 0
@ @
) = 5
Short-time 4 g -1000
Fourier w w
Transform 05 1 15
Time (s)
Pedestrian
or Bicyclist?
bic+bic
N ~
T z
> >
J o
= c
QU QU
g s |
g b
S | 958
u. w
05 1 15
Time (s)
MathWorks
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Pedestrian and Bicyclist Classification Using Deep Learning

Raw radar signals 2 -

obtained by £ ana T

simulations s 908 o

5

c

3

Short-time g

Fourier w
Transform 05 1 15 05 1 15

Time (s) Time (s)
85 1 15
bic+ bic 33 Time (s)
ped bic ped+Dbic ped+ped bic+bic
Predicted Class
MathWorks
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Increasing Angular Resolution with MIMO Radars (Virtual Array)

Gpatid spectrum for virkual armay and physical array

Increasing Angular |
Resolution with MIMO
Radars

Introduces how forming a virtual
array in MIMO radars can help
increase angular resolution. It shows
how to simulate a coherent MIMO

2 TX 4 RX

Open Script

Two options: Increase number of receive elements or perform signal processing

MathWorks
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Non-MIMO MIMO

o _ -
MathWorks
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Agenda

= High Level Simulation with Probabilistic Model

MathWorks
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Virtual Driving Scenarios with Radar Sensor

Scenes Cuboid 3D Simulation

Ego-Centne View Scoemna Catrems

\\\
Testing Controls, sensor fusion, planning Controls, sensor fusion, planning, perception
Authoring Driving Scenario Designer App Unreal Engine Editor
Programmatic API (drivingScenario)
Sensing Probabilistic radar (detection list) Probabilistic radar (detection list)
Probabilistic vision (detection list) Monocular camera (image, labels, depth)
Probabilistic lane (detection list) Fisheye camera (image)

Lidar (point cloud)

MathWorks
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Synthesize Radar Sensor Data 2019

’i SimulateSensorsin3DEnvironmentModel * - Simulink - o X

Simulate Radar Sensors in 3D
Environment

- Extract the center locations e al
- Use ce nter |OCatIOﬂ for road S [Synthetic Data and Tracking Using 3D Simulation Environment | g

creation using driving scenario
H - H T _a Detection -4 MUl confirmed
- Define multiple moving vehicles oo Jopor v @6 0 Sl B oufpmm e T e (D

= Export trajectories from app o

= Configure multiple probabilistic "
radar models o e fo_m 1D)> &

= Calculate confirmed track

[

Bird's-Eye Scope Ground Truth

< curved_road
?’ : ‘ Actors 2 )

Simulation 3D Scene Configuration Other Vehicles

Automated Driving Toolbox™

o] Copyright 2019 The MathWorks, Inc.

MathWorks
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https://www.mathworks.com/help/driving/examples/simulate-radar-sensors-in-3d-environment.html
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Design trackers R2019a

Multi-Object Tracker

_ Association &
Detections Track

Management

Tracking
Filter

From various sensors at
various update rates

= Multi-object tracker = Linear, extended, and

= Global Nearest Neighbor (GNN) tracker unscented Kalman filters
= Joint Probabilistic Data Association (JPDA) tracker = Particle, Gaussian-sum,
= Track-Oriented Multi-Hypothesis Tracker (TOMHT) and Interacting Multiple
= Probability Hypothesis Density (PHD) tracker Model (IMM) filters

Automated Driving Toolbox™

Sensor Fusion and Tracking Toolbox™
MathWorks
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Design Multi-Object Trackers 2019

Multi-Object Tracker

Chase Camera View Passing Vehicle Ego Vehicle

Extended Object Tracking

- Design multi-object tracker e i 5o " g™ ESE
- Design extended object trackers / _ B [ [T ] N ﬂ
- Evaluate tracking metrics 4 ]
- Evaluate error metrics X
- Evaluate desktop execution time o

. - |{, <N -
Sensor Fusion and <0 |
Tracking Toolbox™ ol 4 |
Automated Driving Toolbox™ “ o) ]

. : cr i )\ (m;) : N h ” b Y(()m) b ”

MathWorks
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https://www.mathworks.com/help/fusion/examples/extended-object-tracking.html
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Design track level fusion systems

/\/ehicle 1 \

_ Multi-Object
Detections Tracker

-

/\/ehicle 2

Multi-Object

Detections Tracker

- J

MathWorks
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Track-Level Fusion

Track-to-Track Fusion for
Automotive Safety
Applications

Parked vehicles

Wehicle 1

100

B0

60

observed by I

vehicle 1
Pedestrian I

!

T\-‘\ [ Iveticle 1 Sensors
[_IVehicle 1 Sensors
@  Vehicle 1 Delections
[ Vehicle 1 Tracks
(} Vehicle 1 Fuser Tracks

observed by
vehicle 1

Sensor Fusion and
Tracking Toolbox™
Automated Driving Toolbox™

MathWorks
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&\ MathWorks’

2019

I:|Vehicle 2 Sensors
®  \Vehicle 2 Detections
O Veticle 2 Tracks
Vehicle 2 Fuser Tracks

Occluded
vehicle fused
from vehicle 1

Occluded
pedestrian

fused from

Reggsisian

observed by

0 10 0
Y (m)

A0 20

vehicle 1 sensors

Rumor control: the fused

track is dropped by vehicle 1
because vehicle 2 is coasting
and there is no update by

4

Il L 1 1
) 10 0 10 20 30
¥ (m)

vehicle 2
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https://www.mathworks.com/help/fusion/examples/track-to-track-fusion-for-autonomous-safety-applications.html
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Radar System Modeling for Perception

Desired Pattern Synthesized Pattern
o _ o _
z 3 z 3
20 10 = z 0 10 T
190
20 20 ,% 20 §
| y | y
Az 90 30 B x Az 90 30 8
az ElO ® Az O ~az ElO ®
40 Egio 40 E
=z 4
50 50
= /71\ aper 10
L'\\
J, .
SR
|

Waveforms

i - Transmitted signal
e —— Received signal
ququququququ
T s
A

AN

Time

Tracking/ Sensor Fusion

1
* |
i
T
!
Lk
! .
4 |

Scenario Generation

Code generation

Spatial Signal Processing Environment Deep Learning
B - - 4
N ! | MATLAB
MathWorks
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Key Takeaways

= Choose the Right Modeling Method
— You can control the fidelity

= Start Your First Radar Design with Various Apps

= High Level Simulation with Probabilistic Model
— Tracking
— Control

MathWorks
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Thank You!

MathWorks
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