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Agenda

« Autonomous Driving enabling technologies and the timeline Guess

* Introducing sensors for autonomous driving technology
* Pros and cons for each sensor
* Sensor Fusion

» Challenges of Sensor fusion technology
* A method for estimating and verifying issues

* Interference and interoperability Issues.
* Automotive V2X and DSRC
» Automotive Radar and OFDM 5G BH

» Consideration of new Radar Technology and its Challenges
» Automotive FMCW and Coded Radar
* New Ant and division technologies
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Key Technologies for Autonomous Vehicles

INNOVATIONS FOR ALL ADVANCED DRIVER SYSTEMS

In-Vehicle Network

Sensors (Advance Driver Assistance Systems)

« Short and long-range Radar _
* Automotive Ethernet

Wireless Connectivity

. V2X (DSRC /ITS-G5 &
C-V2X)

System Integration




Sensor Fusion Key to ADAS and AD

INTRODUCING SENSOR FUSION FOR AUTONOMOUS DRIVING TECHNOLOGY

* Individual Sensor

« Different sensors good for different functions and
environment

* Fully-distributed system
« Radar! vs Lidar! vs Camera! Redundancy needed
» Sensor Fusion — more than just the sum of its parts!

» Better and safer decisions than independent
systems could do

 Radar and front camera
* Ultrasonic and rear camera

 Various condition for better decision (A and B, A or
B, ifAthen B,....)

» Centralized processing architecture

KEYSIGHT
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No sensor type works well for all tasks and in all conditions, so sensor
fusion will be necessary to provide redundancy for autonomous functions
Most likely used fusion solution in future . Good Fair . Poor

: LiDAR+Radar+
1 Camera Radar LIiDAR Ultrasonic Camera

Object detection i . .

Object classification .

Distance estimation

O
; o o
Object edge precision O o o
® .

-

-

Lane tracking .

Range of visibility

Functionality in bad weather i .

Functionality in poor lighting : . .

_____________________________________

Every autonomous vehicle is going to have some combination of LiDAR, Radar and camera.”

“Sensor fusion is key because the more complex features get, the more redundancy you need.
— ADAS engineer at a prominent OEM

Source: WCP 2016



AD System architecture

L2/L3 IN 2018 AND L4/L5 IN MODEL YEAR 202X

Example: model year 2019 (“zFAS” module from Aptiv) Typical system content from L1 to L5

ADAS module Units for  Units for  Units for  Units for  Units for

L1 L2 L3 L4 L5

Ultrasonic sensors 0-12** 12 12 12 12

Long-range radar 1 1 1 1-2 1-4

Short/Mid-range radar 0-2 2-4 2-4 2-6 4-8

Exterior camera 2 5 6-10 12 8-15

Interior camera 0 0-1 1-3 2-4 3-6

FIR sensor and night vision CU 0-1 0-1 0-1 0-1 0-1

Long-range LIDAR 0 0 1 1 0-2*

Short-range LIDAR 0 0-2* 0-2* 0-4~ 0-4*

IMU 0 0 0 0-1 0-1

GNSS 0 0 0 0-1 0-1

Park ECU 1 1 0 0 0

Ec:':l';: RADAR "’°‘é‘::5;i"9 SV Park ECU 0-1 1 0 0 0

E g:;‘r;?; i — ADAS domain c-:o-ntroller 0 0-1 0-1 0 0
Lo ' Autonomous driving DC 0 0 1 1-2 2
Notes *L3 is only in Germany because of regulations and legislation restrictions elsewhere. ® 2019 IHS
Source: IHS Markit ©2019 IHS Markit Source: IHS Markit Markit

KEYSIGHT Source: 2019 IHS report : : 5
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Consideration of Sensor
Fusion Issue

(Challenges and verification )




Sensor Fusion Challenges

CHALLENGES

» Centralized processing : High speed network for wide-bandwidth communication is needed

~350Mbit/s burst speed

« EMIissue

* Automotive Ethernet Compliance Test

« Transmit Jitter, distortion, return loss, PSD, Droop Tests, and,.....

~800Mbit/s

~20Mbit/s
~200Mbit/s

SurroundVie ~150Mbit/s
w/ Parking

i [
~50Mbit/s W XOEN I E)
~50Mbit/s

» Protocol verification on IP based networking in the vehicle

~50Mbit/s

» Interference or interoperability issue
» Interference : Increase of Noise floor, Saturation of input channel, wrong decision(ghost Target for radar)

+ Interference between same type of sensors Chocsiess ot

« Same modulation and same frequency (FMCW Radar and FMCW Radar)

*  FMCW vs Coded modulation/different physical/logical layer a0

-120

» Between different type of sensors and applications 1%
« Wifiand DSRC, ITS and V2X,....5G BH U 1 T
and FMCW radar,...... =0 | « Frecuency (GHa
* Immunity testing under real environment D, =
il
-
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Automotive Application Frequency range

POSSIBLE INTERFERENCE ' >140 GHz Radar

77~81 GHz SRR
- (77~81GHz)

! 76~77 GHz LRR
! (76~77GHz)

? 60 GHz i f !
24GHz ISM NB Motion Gesture ! 5G backhaul
(24.05~24.5GHz) Detection Radar | (81~86 GHz)

, ' 5GAAY | 56 backhaul i !

LTE-V PC5 V2V, V2l ! sa i (71~76 GHz) i E

| . | (5.9 GHz) | (37~40GHz) | i l E

- ! . LTE-V V2X (~3.8 GHz) ! . . ! ! !

! : ! : DSRC (11p) 5G : ! ! !

5 ; 5 ; (5.9 GHz) (24~30 GHz) 5 i : 5

! ;o ! Bluetooth : i ! : ! i !

: o ! (2.4 GHz) @», ; ! ! ! ; !

! ’ < Cellular ' : ! ! ! : !

; =/ SN (350 MHz~2.1 GHz) WIFI (2.4~5.8GHz) : : : : : :

| RKE/TMPS Qb WIMAX (2.3, 2.5GHz) | | | | | |

i (315, 413, 434 MHz) : | i : i : i

DAB GPS (1.575 GHz) % E ! ! ! ! !

: (100~400 MHz) ! ; : ! : : ! !

eI i ! ! : ! ! ! : !

'e'i-"'h@ .-'.- 5T ! ! 1 ! ! 1 1 1

- o | i 1 1 | 1 1 1 | 1

(88~108 MHz) 5 = g : : | : : : | :

AM Radio (1MHz) i ! : ! : 5 : : !
By SeungChul ! | | | | | i | | |

; ' —>
1 MHz, 88~108 MHz 100~434 MHz 850 MHz~2.3 GHz = 2.4GHz~3.8 GHz 5.9 GHz 24GHz 60 GHz 76~81GHz 122GHz  Frequency
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Automotive CV2X and DSRC

LINE OF SIGNAL OUT OF BAND INTERFERENCE TEST WiFi hot spot: OFF
NEEEEEEE d\g T ANty
90 t'n, -—:I-Dsn:mg
80 _ \1 I'.‘
U-NII-3 WiFi Purpose: 5wl \ \
hot-spot Assess capability to resist out-of-band interference. % . WAL
Hot-spot % 40 \' I'L "ﬂ'l
L] & | VT
| \j!
| ”. A
13m " k\l
' 0 200 40 ﬂj%ﬂmw {m?OO 10040 1200 1400
WiFi hot spot: ON
e r— i =B ==s 2 =
Tx Power 23 dBm i B i | \ 'II —DSFHS;Q
= EEETEER g = | !
e s ! S \ I
e \
E,
Source: 5GAA V2X benchmark Testing 2018 2 \ \,
Z I |
E 40 I|I \I
Wl Ii |
i \ !
b} .IIII 'I
0 '. -
0 L L L L |
-lr(EE%%Il-gGlg'sr 0 200 400 600 800 1000 1200 1400

Distance {m)



Automotive Radar

SIMULATION AND MEASUREMENT FOR INTERFERENCE TEST

» Test Plan :
* Interference between FMCW dual mode radar and OFDM (5G BH/coded radar)

 Test Condition :
 FMCW dual mode radar signal
 OFDM for 5G Backhaul and coded radar
« 3 moving targets and 1 static station

e Test Case :

« Functional test for detecting targets under victim Radar distance
to OFDM 5G Backhaul station 100m~1000m

» Test Setup
« Signal creation and simulation : Keysight SystemVue W1908
 Signal generation and analysis : Keysight E8740A solution

KEYSIGHT
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Creating FMCW Signal and OFDM(5G BH, coded radar)

AUTOMOTIVE RADAR DUAL MODE, OFDM SIGNAL GENERATION W/SYSTEMVUE

= File Edit Control Source Input MeasSetup Trace Markers Window Utilities Help (7]
BandWidth (MHz) 200 2000 b T[] Joemur o] i@|me, i B EE- L s AWM M, 50 %[0% | coornom
Chlrp Duration (US) 32 16 A: Ch1 Acquisition Time  F: Ch1 FMCW Region Table .~ B:Ch1FM Meas Time ~
. ’ ower ime est-Fit FM ostFit FM Best-Fit Phase Rng1 v
Frame Time (ms) 8.192  2.048 eon [ G KPS i pecdor M L |
CPI Cells 256 128 o = f » / | | I | |
Range Resolution (m) 0.749  0.075 ; oo o o000 105 s a4 s s 7| 8/ d R 17’1
Max Range (m) 767.469 38.373 : o : - D 99tEete asian 2648 / / l ’ ’ |
- . 6 10.00 - 5 - 0.000 8 99
Velocity Resolution (Km/hr) 0.855  3.422 1000 525879k 1. 0000 | f ’
- - 10.00 9 3 9k 1 0.000
Maximum Velocity (Km/hr)  109.502 219.004, 1000 : 0000
10.00 5 k 0.000
10.00 1 - . 0.000 34.08
Radar 10.00 5 0.000
e 000 o 156
10.00 E 57k 0.000
10.00 - 0.000
D1 {Oscilstor@Dsts Flow Modeis] 1000 : 0000
Frequency=77e+3 Hz [RFfreq] -} o 1000 : 0.000
Power=10dBm r-] 10.00 0.000
10.00 5 - 0.000

Im [T
NN i LN NN T s [ B .l

Re =

51{SetSampleRate@Dats Flow MRR{QxToRect@Data Flow ModdE[Modulstor@Dats Flow Models)
SsmpleRste=4.0962+8 Hz [Sample_Rst] InpuiTypae=1Nt_DBF [Ampifier@Dsts Flow Models]
GainUnit=ds
Gain=30

« 1] »

5G Backhaul
Signal Generation

Transmitter
Measurement paused

R 1 T

AR
i

03 {Oscillator@Data Flow Models} 58
7 Frequency=76e9 Hz
Power=50 dBm

Im

57

—» Mod' '-;_""43
Re —»s . —p>

OFDM_BH_wim C1 {CxToRect@Data Flow ModdisjModulator@Data Flow Models} 12
InputType=I'Q
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Echo Signals and Receiver Input

Interferer
Echo
Generation

Automolive

L] ’ 1 ::?‘ﬂ TargetEchol4)

AutomotiveRadar_Target_4
RF_Freq=76 GHz
Distance=1000 m [Int1_rng]
Vit=0 [Int1_spd / 3.6]

Automative

JJrans Sig
;‘irﬁt TargetEc hott

AutomotiveRadar_Target_1
RF_Freq=77e+9 Hz [RFfreq]
Distance=12 m [T1_rng]
5[T1 sp

Trans Sig

AutomotiveRadar_Target_2
RF_Freq=77e+9 Hz [RFfreq]
Distance=23 m [T2_rng]
Vt=-20.833 [T2_spd/3.6]

T

AutomotiveRadar_Target_3
RF_Freq=77e+9 Hz [RFfreq] E?:l}?oa
Distance=26 m [T3_rng] )
Generation

Vi=27.778 [T3_spd/3.6]
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‘Parameter’ Target #1° ™Target#2' ™Target#Z2 "2G BH’
Speed (Km/hr) 1.8 -75 100 0
Range (m) 12 23 26 1000
RCS (m*2) 1 50 50
Receiver Input
5
-70
A0 OFDM AR Mode 1
90 BW = 200 MHz
£ -100
i
—-110
£ 120
o
-130 -
140 ; R Mode 2
150 BW =2 GHz
-160
73 73.5 76 76.5 77 77.5 78 78.5 79
Frequency (GHz)
= 5G BH w— Radar




Automotive Radar Receiver

/

.35 42
3 Amplifier 38 38 >0 Amplifier m
M {Amplifier@Data Flow Modgls} o, {Amplifier@Data Flow Models}
GainUnit=dB ConvGain=0 GainUnit=dB
Gain=30.6 EnableNoise=YES Gain=35
,,,,, NoiseFigure=0
_ Bideband=Lower
S 2 P19
PhaseShifter
38 @ 36 52
Beat M2 Af {Amplifier@Data Flow Models}
Frequency ConvGain=0 GainUnit=dB
Receiver ; EnableNoise=YES Gain=35
Conversion NoiseFigure=0
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Power (dBm)

Basseband Signal (after 1Q Mixers)
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Signal Processing Layer

DUAL MODE AUTOMOTIVE RADAR PROCESSING

Signal Processing

i
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ToOnimadied [Puise_Time]
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Test #1: Radar Distance to 5G BH = 100m
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gﬂ vel_dist_map (Workspace: IWPC_AR_Radarlnterference) O [wE "')'c" -*/;:} o|[® | =]
Speed - Range Map Basseband Signal (after 1Q Mixers)
200 0
101
160 Interference ||
-20
=
T 5 . |
120 = -
U s
N=
N \\\\le
80 /
-50
Mode 2\ ‘
i 60 ]
40 / Mlssed ’ 0 4 8 10 12 14 16 18 20 22 24 26 28 30 32
. Frequency (MHz)
% el Targety —— SBeat_Power
¥ 0
® 4] ce o[ @ | =]
@ Receiver Input
40 60
-70
-80 1
-80 o
-90 1
J T 100 1
120 2 110
} No false 5
targets ® 430,
-160
\ 140
‘ -150
-200 : + -160
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Distance (m) Frequency (GHz)
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E8740A-080 Automotive Radar Rx/Interference test solution with Scorpion
IN-BAND INTERFERENCE TESTING 76~81GHZ

MOSARIM interference signals AutoRad S/W

f CW f FMCW Signal Source | Radar Analyzer Measurement
Hardware b Hardware ) (~vsa
| Simulator o) N\ D
t t = | =0 MO
FSK CS LO Source i : LO Source
f f Steneste Device Under Test
up 1 AutoRadar
/ L :@ ‘ FMCW Radar Assistant
t t SA Radar Assistant Tool

SG Radar Assistant Tool
Receiver Conformance Test
76GHz 4.4.2 Receiver spurious emissions
76GHz 4.4.3 Receiver in-band, out-of-band and remote-ba...
76GHz 4.4.4 Receiver sensitivity
79GHz 4.4.2 Receiver spurious
79GHz 4.4.3 Receiver in-band, out-of-band and remote-ba...

Moving Radar transmit signals as interferer

Interferer Radar
Signal Generation

Transmitter o ° 5
caroumgom oy 79GHz 4.4.4 Receiver sensitivity
= i o Transmitter Conformance Test

76GHz 4.3.1 Transmitter Operating Frequency Range

~». 76GHz 4.3.2 Transmitter Mean Power
_ : =i 76GHz 4.3.3 Transmitter Peak Power

Ty O — m mW 76GHz 4.3.4 Transmitter unwanted emissions out-of-band...
o e 76GHz 4.3.5 Transmitter unwanted emissions in the spuri.
u p/ down 79GHz 4.3.1 Transmitter Operating Frequency Range
79GHz 4.3.2 Transmitter Mean Power
converter 79GHz 4.3.3 Transmitter Peak Power

7 1 ~76G HZ, 8 1 ""'86 G Hz 5G mmW Backha UI 79GHz 4.3.4 Transmitter unwanted emissions out-of-band...
\ Interference 79GHz 4.3.5 Transmitter unwanted emissions in the spuri...

Signal

I (e A

Interference Signal

‘@& Wideband— T
AWG

mmW

Macrocell

i L FM lifearity IE Tx Header .. (U

Control i —
o 52 IF

Rx1 Power/

Control

Radar Echo Signal

PMCW/OFDM/Coded Next
Gen Automotive Radar

OFDM

Ref
10MHz
CIOCk 76.5 m 775 785 79

Freauency (GHz)
IF

Rx2

many carriers

Bw = 11 e @i Wt
#carriers x s;ﬁl‘r‘m‘nﬁw‘{mm o
‘ ‘ ' Radar Tx

Power

Carrier #0

CW always null

Any type of Noise signals
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Consideration of Evolved
Sensor Tech Issue

(Evolution of Automotive Radar Tech)




Radar Technology Evolution

N/

[ X.Y,Doppler J

WARLORD ™

Analog beam-forming and metamaterials

2D ADAS
Basic

X,Y,Doppler

& BOSCH
A Digital beam-forming and MIMO technologies o
. arbe))
©)BOSCH '\ ROBOTICS
B - Ultres/Phoenix e Rt e
2 Imaging
ARS 5th gen
2 | 2 4D UHR h 4
L P
X,Y,ZDoppler,depth
(®) ~/ Y,ZDoppler.dep
8- () BOSCH % 4D HR Al/Deep Learning ]
[\ ] LRR 4th gen A4 Ultra-high resolution
. ; ) X,Y,Z,Doppler,depth
[v'] High resolution
'g 3D X.Y,Z,Doppler,depth
-
B A4
| XY, Z,Doppler :
P 2D ADAS [ )
E @ BOSCH improved
g || ME TAWAVE
0
c
c
c
¥ =
O

Resolution, classification, and object-tracking capability

KEYSIGHT
i Source : 2019 Yole Report (Radar and wireless technologies for Automotive



Challenges of Evolved Sensor Technologies

RADAR CHALLENGES

* Coded Phase-Modulated Continuous Wave Radar
* Need to consider backward compatibility with existing FMCW radar
«  OBW depend on modulation rate
* Interference susceptibility depend upon code type
» Calibration required for Linear AMP
* New Antenna structure with MIMO/DBF/APA
+  Combined Antenna Aperture multi-function (Long-, Mid-, and Short-range) Radar
»  Characterizing of various angles and beam distance
« Ultra-high Resolution Image Radar :
* Bigger Ant size with bigger far-field distance :
* Required conversion algorism between near-field and far-field for short distance detection
+ Cascade multiple transceivers for more Ant array :
« Time/phase synchronization
* Requirement for higher Frequency range
*  New Assignment of next Gen Radar with Wideband Frequency band for better resolution

« Emission regulation toward higher Frequency (up to 2" or 3" Harmonic of highest Frequency > ~230GHz)

KEYSIGHT
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Radar Aperture Size

Measurement results with 2 corner reflectors at ~4deg separation

8 channels (2 TX, 4 RX) 12 channels (3 TX, 4 RX)

Single chip Spdle ¢rp Ang. Resolution
Array length  |(deg)
8 14.32
% ; 12 9.55
E . 24 4.77
40 2.86

40 channels (5 TX, 8 RX)

2-chip cascade
2

Far Field distance d = %

24 channels (3 TX, 8 RX)
2-chip cascade

Large antenna aperture increases far field
distance !!

FFT outpul
FFT outpul

Source: Tl
KEYSIGHT
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Pass Loss of Imaging radar with large Ant D

FAR-FIELD D AND PATH LOSS

Far Field distance Calculation d=—

4
Free Space Far-field Path Loss Calculation FSPL = 201log;o(d) + 20log;o(f) + 20log;, (?) — G, — G,

2nd harmonic

" 24GHz Radar 76~77GHz Radar 77~81GHz Radar el 3{:;‘:;’2‘:;')‘:
(cm) Freq. Far field Path Loss Freq. Far field Path Loss Freq. Far field Path Loss Freq. Far field Path Loss Freq. Far field Path Loss
(GHz) (1) (dB) (GHz) (m) (dB) (GHz) (m) (dB) (GHz) (m) (dB) (GHz) (m) (dB)
3 24.5 0.15 43.57 77 0.46 63.46 81 0.49 64.34 162 0.97 76.39 243 1.46 83.43
10 24.5 1.63 64.49 77 5.13 84.38 81 5.4 85.26| 162 10.8 97.300 243 16.2] 104.34
15 24,5 3.68 71.53 77 11.55 91.42 81 12.15 92.300 162 24.3 104.34 243 36.45 111.39
30 24.5 14.7 83.57 77 46.2] 103.46 81 48.6 104.34I 162 97.2 116.39 243 145.8 123.43

o

J

At 81GHz, for a D of 10cm, path loss will be 85dB and far field distance is 5.4m

KEYSIGHT
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Keysight CATR Far-field Chamber

Pass loss advantage >21dB w/ 15cm Ant D

77~81GHz Radar

Far field Path Loss CATR Path CATR Path
(m) (dB) Loss(dB) Loss Gain(dB)
10 5.4/ 85.25935| 70.78347| 14.47587
15 12.15 92.303 70.78347, 21.51952
30 48.6| 104.3442| 70.78347 33.56072
100 540/ 125.2593| 70.78347 54.47587

KEYSIGHT : . . : : . 28
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OFDM/PMCW signal analysis

PA CALIBRATION REQUIRED FOR LINEAR AMP

Fast LFM, FCM (chirp) : Majority of current radar
* Small scale MIMO
 ADC sample rate : several 10's MHz
* Linear FM waveform
* Complex analog RF Tx and Rx with PLLs
 Low PAPR, Signal operates at saturation area of AMP
* Simple digital processing with FFT

Coded PMCW :

* Large and massive MIMO

 ADC sample rate : several GHz

* Phase coded waveform

* Simple analog RF Tx and Rx with PLLs

* High PAPR, Signal operates at linear area of AMP

* Required PA calibration at production line and AM-AM/PM 0.
measurement 89600B VSA S/W

* complex digital processing

KEYSIGHT
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320000

U1816C USB
Coaxial Switch

N9029AV03 220 — 330 GHz

LO/IF =] i

f N9029AHO03 220-330 GHz

N9029AV05 140 — 220 GHz
LO/IF or .

N9041B UXA
Signal Analyzer

¢

f N9029AHO05 140-220 GHz

N9029AV08 90 — 140 GHz
LO/IF

¢

f N9029AH08 90-140 GHz
N9O29AV12 60 — 90 GHz
LO/IF e ¢

f N9029AH12 60-90 GHz

SWC-19VF-E1 .

1.85mm(f) to 1.85mm(f) 2m Cable

o f

y f N9029AH19 40/50-60
GHz @ RF port2

DC-40/50 GHz @ RF
port1




Summary and Conclusion

« Sensor fusion and evolved sensor technologies.

« Sensor fusion helps better decision in all environment, the
evolution of automotive radar technologies is moving to ultra high
resolution radar.

« Understanding of challenges for Sensor fusion and evolved sensor
technologies

 How to estimate challengeable Issues
« How to verify issues with simulation and test measurement

KEYSIGHT
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