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Automotive Market & Innovation Drivers

Environment Connection /
1.23M +50% CO, NOx Convenience

Road Deaths Emission In Vehicle
- -“”"f”l."fm\\\\\\w

Wireless / RF / Power / Wireless /
mmWave / _ Digital /

Energy

Digital

e-Mobility

KEYSIGHT

TECHNOLOGIES
Data Source: WHO, US EPA



Santa Rosa Fire Took 5,643 homes, 22 lives, $1.2B costs

Subdivision in Santa Rosa destroyed by fire

KEYSIGHT

TECHNOLOGIES



Automotive Market & Innovation Drivers

AUTOMOTIVE TECHNOLOGIES CAN SAVE LIVES!

KEYSIGHT

Dad’s Six Sense!



Autonomous Driving System

ENABLING TECHNOLOGIES

I Under the bonnet

 Sensors
- Radar |
* LIDAR
« Camera

Wireless connections
» 2/3/4G and coming 5G
- 802.11p DSRC

Automotive Ethernet TECHNOLOGIES

A laser SeNSOr SCANS s——
360 degrees around the
vehicle for objects.

and regulates
vehicle behavior.

 BroadR-Reach, 100/ 1000 BASE-T m“

Navigation systems

Processors —

the speed of
vehicles ahead

Artificial Intelligence s

motion and balance.

Awheel-hub sensor
detects the number
of rotations to help
determine the car's
location.

High Definition Mapping

KEYSIGHT . More

TECHNOLOGIES



Autonomous Driving System

 |RADAR LIDAR

Used for .

Applications

Advantages

Limitations

KEYSIGHT

TECHNOLOGIES

Detection - distance (range) and
motion (velocity, angle) by radio
waveforms

Adaptive Cruise Control,
Automatic Emergency Braking
Systems, Blind Spot Detection,
Parking Assistance

Working in all environmental
conditions

Light weight

Longer detection distance than
LIDAR

Limited information of detected
obstacles
Lower resolution than LIDAR

Recognition, classification by
images

Traffic Sign Recognition, Land
Keep Systems, Parking
Assistance, Blind spot detection,
ACC, AEBS

Lower cost

Smaller sensor size
High resolution
Color recognition
Imaging processing

Various performance in some
environments (e.g. weather,

lighting)

360° 3D view by laser / light

Emergency Brake Assist for
Pedestrian, Crash Imminent
Braking, Mapping

High accuracy

High resolution

Intelligent signal processing
with large amount of captured
data

(still) expensive sensor
(still) big sensor size
Expensive and complicated
signal/data management
Affected by weather



Automotive Radar

APPLICATION EXAMPLES

Auto Emergency Blind Spbt
Braking / Pre-
tensining Seatbelts

Monitoring

collisio
avoidance

Lane Change Real Collision
Assist Protection
Making Roads Safer with | «\ -» iy
360 Degree Vision! \ \"\

N

Adaptive Cruise Stop & Go
s Control | Cruise Control

Making Autonomous Driving
KEYSIGHT Possible!




Automotive Radar

MAJOR TECHNOLOGIES

» » High Frequency and wide bandwidth millimeter wave (24, 77, and 79GHz)

»- Modulation (FMCW)
* Antenna
« Automotive Ethernet / Serial Buses (BroadR-Reach, 100 BASE-T, CAN/CAN FD)
* Power Control (ETSI conformance specification, EN 302 264 for 79GHz)

 More

KEYSIGHT

EEEEEEEEEEEE



Automotive Radar Major Technologies

HIGH FREQUENCY & WIDE BANDWIDTH MILLIMETER WAVE (77/79 GH2Z)

* Benefits

Better spatial angular (smaller wavelength),
velocity (doppler), and range resolution

Higher range (up to 300 meter)
Smaller and lighter sensor

Rapid signal attenuation (better for interference),
improved interference mitigation

Higher attenuation per km - higher spectrum re-
use (sharing) scheme on the busy road

Better power efficiency (less emission power -
lower possibility of interference issue)

KEYSIGHT

TECHNOLOGIES

AV AV AV AV
[ !AR ‘ AR [ AR [ AR
Ag Ag A¢ A¢p
24 GHz 24/26 GHz 77 GHz 79 GHz
Narrow-Band UWB 5 GHz BW 1 GHz BW 4 GHz BW

BW 200MHz max

(ugm N

AY.i Velocity Axis = Doppler resolution of object distance is RF frequency dependant
Higher RF frequency enables better Doppler resolution

A(p : Angle Axis =>For a given aperture, the resolution increases with frequency.
Angular resolution depends on antenna aperture.

AR: Range Axis

\The smaller the cubic the better the radar performance ! -

Source: CEPT Report 37

Fig.1 Comparison of sensor performance showing key parameters
Angular resolution, Range resolution, Doppler resolution



Automotive Radar Major Technologies

HIGH FREQUENCY & WIDE BANDWIDTH MILLIMETER WAVE (77/79 GH2Z)

« Challenges
» Higher propagation loss

* Phase noise, IQ and frequency response errors
degrade

Repeatability
More noise to impact on EVM

Complex test set up

Generate and characterize accurate wide bandwidth
millimeter wave signals

‘Reference Signal

— ——

“Received Signal . -
Lo - |_‘“q
i
' llll.ll' m it 1P

KEYSIGHT — ——

TECHNOLOGIES




Automotive Radar Major Technologies

MODULATION (FMCW)

Received signal

* Benefits

Avoid high peak-to-average power ratio (PAPR) in
transmission

Simplifies the design process for antennas and RF
components (narrow-band IF processing)

Good performance with simplified RF components
- small size, light weight, and low cost.

Improved noise floor
Interference tolerance
Reduced RF intermodulation

Simpler / easier waveform to generate (compared to
very narrow, high power pulsed)

Constant high average power, without requiring high
peak powers, managed close-in blind-range issues
(always transmitting and receiving)

KEYSIGHT

TECHNOLOGIES

Af — sweep bandwidth

Y

Low pass
filter

Baseband
signal
processing

FMCW
waveform
Transmitted signal generator
Radar Echo Frequencies
............................................................. / Range Estimate
/
’ 2R fpTs
T = ed—
:_ e C Af
2 e
;. // b — beatfrequency
7 / R =
“@\}/ N e 2A f
,\\\6 /
e ) e
ol & ~
B é Time 2
: Ts —chirp sweeptime  }
delay :

Fig.4 FMCW diagram and frequency detection




Automotive Radar Major Technologies

MODULATION (FMCW)

« Challenges

* FM Linearity modulation quality
Phase Noise and AM Noise of transmitter
RF leakage from Tx to Rx

Dealing with clutter from multiple undesirable
reflections between sensor and targets

Dealing with interference from other radar sensor
band users

Thermal Power Challenges

LFM Best-fit
Pk-Pk

1At
w Be°
\F AP Deviation (Hz)

Wr Peak (Hz)
FM Error Peak (Hz) = max( Measured FM — LFM Best-fit )

IT(EEI\‘%IL?(;'TEI INL Best-fit (%) = [FM Error Peak (Hz) / LFM Best-fit Pk-Pk Deviation (Hz)] * 100



Automotive Radar

RESULT OF DESIGN AND CHANNEL

Speed ( Kmhr)

Speed - Range Map

IMPAIRMENTS

Why is there a
false target?
What can | do to
eliminate this
false target?

KEYSIGHT

TECHNOLOGIES

250

200 « Targets b

150 . Radar

100

50

0 »

.50

-100 f False

180 Target

- TargetDist Radar Distest . TargetSpeed Radar Speed est.

-200 0 -100.93 0 11.121

200 199,262 200 201.039

250

250 -200 -150 -100 -50 O 50 100 150 200 250 125 124.414 -125 -124.045
Distance (m) 50 49965 1.8 2.566




Keysight Automotive Radar Solutions Value of

OVER WHOLE DESIGN AND TEST LIFECYCLE -

PXI Modular VSA/VSG/Digitizer
/Network Analyzer

89600 VSA SW with
FMCW option E-Band Power Sensor and Meter

s | s ] :é;:;‘f |
- ilg:l oo oo :73 E%! EE%_!& :
ES740A-070 E8267D PSG Vector ignal tudifo Signal Source PNA Network Analyzers Radar Target Simulator (RTS)
Performance SG Signal Generator Pulse Building Analyzer Banded mmW Solution

From Design Simulation, Wide Bandwidth mmWave Signal Generation &
KEYSIGHT . . .
Analysis, Precise Power and Component Measurements to Manufacturing Tests



Automotive Radar Design Simulation

ADVANTAGES OF SYSTEMVUE AUTOMOTIVE RADAR LIBRARY

Simulation Framework « DSP layer, Antenna layer, Trajectory layer

 Variable waveforms (Fast chirp, Triangle FMCW, MFSK, PRBS)

Reference DSP Modeling - MIMO Radar
« 2D-FFT, CFAR, multi-target tracking

 Target (continue to enhance)
Environment modeling « Propagation loss modeling (Rain loss, antenna dome loss)
« Clutter (Different road condition)

» Antenna pattern import (HFSS, EMpro, CST)
 New RF modeling example (phase noise, amplifier nonlinearity)

RF/Antenna modeling

KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

MUSIC AOA SIMULATION

* MUSIC AoA

« Multiple Signal Classification,
algorithm used for frequency
estimation and emitter location

 High resolution digital
beamforming method with
sensor array Is required

 Estimated by investigating the
phase difference by a time delay

KEYSIGHT

TECHNOLOGIES

Workspace Description

+ Top level design

] (G DO=g-

‘SystemVue 2017 Alpha
File Edit View Schematic Action Tools

3¢ HEBE > -+ [0

ENER" B

Window Help

‘o] @b $Q O[S

H-z 8 8-E-e

- (3 AutomotiveRadar MUSICAOA
144 Designs
- Beatfrg (Model)
{3 Designl (Schematic)
44 Designl Analysis (Design1) [No [}
4 Designl Analysis Designl_Binary]
7 Designl Analysis Designl_CFAR |
-] Designl Analysis_Designi_Data (
< [#] Notel
[ 31400
424805
3 Equationl ~A
Target Space Distribution

| Notel =]

Automotive RADAR Library MUSIC AOA Simulation

Keysight T y Example

Simulation Task

This workspace illustrates an Automotive Radar MUSIC AoA (Angle of
Arrival) measurement system using 66 phase array.

Workspace Description
+ Top level design

The workspace consists of three layers

[ 314041 o [& =

31.4941

0

<10 0 10 20 30 40 50 €0

-60 -40 -20 0 20 40 60

> Designl

[ 224805 o [& =

42.4805

<10 0 10 20 30 40 50 €0

-60 -40-20 0 20 40 80

(3] PariList > Schematic | & Equations | [ Parameters |

Ready

[ Target Space Distribution = =
Target Space Distribution

»
-3

. ¢ adarslgRARRERI. §0158, 8]

Type | Error I Location |

[E3 Clear All Errors ] Show Graph and Table Errors (0)

Errors | Simulation Log | Compilation Log | Equation Debug

>>

Current Library:
[Automative RADAR Parts -
Category:
[<a> -
g e
Filter By:
dutter
Name Description
Bl AutomotiveRADAR _Clu... Automotiv.,
£m AutomotiveRADAR_Chu... Radar dlut.|
~=5 AutomotiveRADAR_Clu... Radar cut.,
S AutomotiveRADAR_Clu... Radar dut.
« 0 D
v | Part Selecto..| Workspace ... Design Vari..

CAP NUM SCRL



Automotive Radar Design Simulation

LINEAR FMCW MULTI-TARGET DETECTION

* Using single tone of linear FMCW signal with B e
up-chirp and down-chirp with echo and beat T
frequency of every targets, users can simulate the
multi target detection and show them in range- e
velocity diagram. s

2 Beat Freuugncv

« Showing three targets detected and shown in
range-velocity diagram

Range-Velocity - —
Diagram

Range-Doppler Martrix

L' 197 (Peak): 744, 82, 4. 160e+05

» 1(Sample); 78.5;59.58, 1
3 (Sample): 1389,69.64,1

w2 (Sample):99:64,:79.98, 1

m197 (Peak): 744,82, 4.1666+05 Range .

KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

MICRO-DOPPLER

» Using the micro-Doppler spectrum distribution to distinguish the targets from pedestrian or vehicle

» Pedestrian target has more sub parts like arm, leg, head, neck, and torso with different instantaneous
velocity

» The arms and legs move periodically in walking; the Doppler spectrum is changing periodically in time

1}
Be Bt Yow S

« A common scenario model with
* Pre-defined walking passenger
* Pre-defined running passenger
* Pre-defined moving car
« Custom scenario with customized trajectory

Q>
e &

, ”””".'
|

Micro-Doppler Spectrum

Automotive Radar Library Micro-Doppler Effect

Keysight Technologies SystemVue Example Viorkspace

“* *3 !

User-Defined Micro-Doppler Spectrum :

» 10+ scatters for a walking passenger

» Accurate modeling for moving trajectory for each scatter —

* Reference radar data processing to identify micro-Doppler signature of the walking passenger

KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

3D AUTOMOTIVE RADAR SCAN

* Needed target elevation angle information
* Azimuth angle as well as range and velocity

3 target echo power
in azimuth and
elevation
distribution result

« 3D Automotive radar scan

* Leveraging 2D scan system, additional elevation
region scan is needed

« With MN planer array, the spaces can be divided
Into azimuth, elevation, and angle grids to realize = :
and visualize 3D scan S i | e

distribution result in
3D coordinate system

» Designers can obtain the various simulation results
In numeric, sliced 2D and 3D space distribution in
SystemVue

Creating 3D scan scenarios with platform and target position,

velocity, target RCS and more parameters, designers can

visualize the results in various traces and distribution plots.
KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

FLEXIBLE AUTOMOTIVE RADAR SIGNAL GENERATION WITH SYSTEMVUE |

AutomotiveRadar_SRC2
Waveform_type=Sawtooth
Amplitude=1 V
Period=5e-4 s
LowerFreq=10e3 Hz
DeltaFreq=40e3 Hz

AutomotiveRadar
cw

AutomotiveRadar_SRC1
Waveform_type=Triangle
. Amplitude=1 \V
- Period=5e-4 s
- LowerFreq=10e3-Hz
DeltaFreq=40e3 Hz

ha S S
AutomotiveRadar
Ccw

wavetome_sur_

AutomotiveRadar_SRC3
Waveform_type=UserDefined
FreqUpTime=5e-4 s
FreqgDownTime=5e-4 s
FreqFixTime=5e-4 s
LowerFreq=10e3 Hz
DeltaFreq=40e3 Hz

freq ot

AutomotiveRadar
cw

wavetoem_ ot

i DS1_SawtoothFMCW_TimeDomain (Workspace: Aut s 3|l = I DS1_TriangleFMCW_TimeDomain (Workspace: Auto s @3] = i DS1_TrapezoidalFMCW_TimeDomain (Workspace: A s || = || = | -
4 SawtoothFMCW_TimeDomain : TriangleFMCW_TimeDomain : TrapezoidalFMCW_TimeDomain

0.8 n h 0.8 f\ 08 [I I
g o6 - | T 08 1 I { § os |
| DL ! B i I []2 o2 - ;
2o l % o2l I H o[£ o=l I
=" H 1 g 1 H =2 _ !
= .H { 2 s { | 2
& .02 = -02 s 02 HH = e
,f:,_.ze i] ‘1 'g,.:s 1 I §~5‘5 i
¥ oo \UI ‘Ul | lv | lv Vf T o0

= L] 200e-5 400e-5 600e-6 800e-5 1e-3 = o 200e-6 40Ce-5 600e-6 800e-6 1e-3 w2 o 500e-6 1e-3 1.5e-3 2e-3 2.5e-3 3e-3
Time (s) Time (s) Time (s)
real{SawtoothFMCW_TimeDomain) real(TriangleFMCW_TimeDomain) real(TrapezoidalFMCW_TimeDomain)

£ SawtoothFMCW._FrequsTime 1 ey (SIS =] | & TnangleFMCW._FreqvsTime (Workspace Automotive... [0 | 5 [ 52 ] |y it ic i P reps Tl CWripmeies T [ e

ey SawtoothFMCW_FreqvsTime TriangleFMCW_FreqgvsTime TrapezoidalFMCW_FreqvsTime

45000 = 7N A\

40000 — e ~ é \ / \ / \

— = 4 BN 7N \ 7 Y

- ; 7 X 7 X , X 7 1y
gzso:: £ & 2 / % 2 \ / \
| J—— = = g N by g = \
= 15000 //" - o 5 = \ / \ = \ / \

10000 {£ e 10000 \/ A\

5000 5000

5 o 200e-6 400e-6 600e-6 800e-8 1e-3 < L] 200e-6 400e-8 600e-8 800e-6 1e-3 : o 500e-6 1e-3 1.5e-3 2e-3 2.5e-3 3e-3
Time Time Time

SawtoothFMCW_FreqvsTime

KEYSIGHT
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— TriangleFMCW _FreqvsTime

—— TrapezoidalFMCW _FreqvsTime

21



Automotive Radar Design Simulation

AUTOMOTIVE FAST CHIRP SIGNAL GENERATION & TRANSMISSION

02 {OscmmmorDEts Fhow Mooss])
Freguency=77.15 Si'-éli Foamiar + . 1523)]
Powar=3 a5m

@"‘ |

Interferer Radar
Signal Generation
Transmitter

T

(I

> <

>

Re

Show M)

C3 {CxToRacy@Data Flow Mooes] M4 {Mooutsion@ Dt Flow M
NpUIT ypa=150

Am_DSF1 [AmgEtergData Flow Modsis]
Sanuri=35

S3n=35 [39.4 +135.5]

@"*"I

O {CsclmonED It Fiow Modsis]
Fraquancy=T77 Gz [Fcamar)
Powar=0 J5m

FragneTme [ SinioDoata Flow W ogels]
StanSopOpton="TIma

Radar
Signal Generation
Transmitter

e

Im =

-
— -l <]

Mod

R&

ALIOMOANS S0

oW

T rras |

Wiavstonm_lype= Sawiootn
ArmpEnude=1
Sarnod-156a-4 & [T "]
Loearreq—150 MHZ
Caafraq=3002+5 —z [Feawaap]

51 {SsSamoe® Sata Fiow WM OdeEE]
SampieTate-1.52+3 =z [Sampiamaie]
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Automotive Radar Design Simulation

1 Fast Chirp Radar Design

2 TeS; 2Rada Freguency in Hz Target 3
3 RFBH = 300e6; TChirp Freguency Bandwidth in H=z

- IChirp = lée-&; fFast Chirp Time Period in seconds

5 ADCTEs = Bg426; THeceiver analog to digital converter sampling freguency in H=z

6 Hchirp = 512; THumber of chirps in one CPI

7 lapd = Z299792458; Flight speed in m/s

5 RangeFFTSize = floor (ADCLfs*TChirp) : EFSlow time FFT size

2 DopplerFFISize = Mchirp: iFast time FFT size

= 1 ; =
dv = 3. lspd/2/RFfreg/DopplerFFTSize/TChirp: tVelocity resolution in km/hr
) Interferer Uerrgfer 2

16 maxXxV = DopplerFFISize/ 2 * dV; TMaximuom Velocity in Em/hr \<

ADCEs 64e+6 Il _rcs 1

RFBN  300e+6 Target 1

RFfreq 77e+9

12_rcs 100 Intl_rng 75
TChirp lée-6 -
T2 _rng 125

dR 0.5 Intl_spd 10

T2 _spd -125

av 0.855 T3_rcs 100 Car Radar

maxR  255.823 T3_rng 200

Komolonts  |maxv  219.004 T3_spd 200




Automotive Radar Design Simulation

SCENARIO CHIRP FREQUENCIES - RECEIVER INPUT

Radar Echo Frequencies

160 ——— ) ;
140 || —— Radar Ay A
—— Target1 /’ /
120 W/ v/
—— Target2 P v
100 |— roroat”
80 ' 7 7
60 /.14 AL
40 / /
20 i /4
0
-20

80 ' | f

120 44 LA . i
- /If /6:/1" ,-,//{:
1407 % Vi
-160

Frequency (MHZz)
N

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Time (us)

Radar echoes are easily captured at the input of the receiver.
KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

TARGET LOCATION AND MOVEMENT

Trans Sig

>: TargetEcho{1 M

AutomotiveRadar_Target_1
RF_Freq=77e+9 Hz[Fcarrier]
Distance=50 m [Range1]
Vi=0.5 [Velocity1]
IncludeProp=YES [=Prop_Lo0ss]

TransSig

Car Radar

largetEcho{L

AutomotiveRadar_Target_2
RF_Freq=77e+9 Hz[Fcarrier]
Distance=125 m [RangeZ2]
Vt=-34 722 [Welocity2]
IncludeProp=YES [=Prop_Loss]

> TargetEcho(3 -

AutomotiveRadar_Target_3 Ta l"g et
RF_Freq=77Te+9 Hz[Fcarrier]
Distance=200 m [Range3] EChO
Vi=55 556 [Velocity3] .
IncludeProp=YES [=Prop_Loss] Generatlon

KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

RECEIVER DESIGN - ADC OUTPUT

JransSig X
s = TransSig 052
R o
1 Amplifier 2 3 Amplifier iy —H Ato D= o,
Ad {Amplifier@Data Flow Models) 955 M1 A5 {Amplifier@Data Flow Models)F2 {LPF_Bessel@Data Fiow Modeis} A1 {AtoD@Data Flow Models}
GainUnit=dB ConvGain=0 GainUnit=dB PassFreq=32 MHz NBits=12

Gain=30.6[15.6 + 15] EnableNoise=YES Gain=35 DownsampleFactor=25 [floor(SampleRateAll

NoiseFigure=0

Sideband=Lower

TransSig "
o—’ Phase [ TN -
Shifter = =
PhaseShifter
2y - e
= Amplifier A —Pp—Pp AtoD= o,
e A ot —’—3
B eat M2 AB {Amplifier@Data Flow Models)F3 {LPF_Bessel@Data Flow Models} A2 {AtoD@Data Flow Models}
ConvGain=0 GainUnit=dB PassFreq=32 MHz NBits=12

- F req u e nCy EnableNoise=YES Gain=35 DownsampleFactor=25 [floor(SampleRate/Al

Receiver ) NoiseFigure=0

Conversion Sideband=Lowe

KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

SCENARIO RECEIVER INPUT

Power (dBm)

-100

-110

-120

AutoRadar Receiver Input
-80
I [ |

—— Spec1_Power
—— Spec2_Power
90 —— Spec3_Power
SpecComb_Power

" 76200 76400 76600 76800 77000 77200 77400 77600 77800

Frequency (MHz)

No Interferer Baseline

KEYSIGHT
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Power (dBm)

-100

410

-120

-130

140

-150

-160

-80

AutoRadar Receiver Input

I [ I

90 H

—— Spec1_Power
—— Spec2_Power

—— Spec3_Power r‘
—— SpecComb_Power

bk ""@n'w.un.‘. " -‘,wm\,».w

L b g

76200

76400 76600 76800 77000 77200 77400
Frequency (MHz)

" Radar Interferer Present

77600

77800

Interferer can cause RF
front end saturation

Issues and is overtaking
the desired Target
signals.




Automotive Radar Design Simulation

BEAT TONES

Beat Signals ' Beat Signals

[T 11 " [T 11
—— Beat Output —— Beat Output
—— ADC Output . —— ADC Output

-10

o Ui

—1_ -100 ——T—

) UD 20 40 60 8o 100 12DFreLtE;Hc:?&HZ)1SD 200 220 240 260 280 300 320 ) UD 20 40 60 8o 100 12DFreLtE;Hc:?&HZ)1SD 200 220 240 260 280 300 320
No Interferer Baseline Radar Interferer Present

KEYSIGHT

TECHNOLOGIES



Automotive Radar Design Simulation

BEAT TONES

Beat Signals
-10
| I I I
Beat Output
—— ADC Output
g Ni
-T0 17
Mm
Target Dist RadarDistest. . TargetSpeed Radar Speed est.
200 199.362 200 201.039
125 124.414 -125 -124.045
» 50 49.965 18 2566 |

0 20 40 60 80 100 120 140 180 180 200 220 240 260 280 300 320

Frequency (MHz)

Power (dBm)

-110

Beat Signals
-10
: | | \ |
—— Beat Output
Aliased —— ADC Output
10
al e
! ll]l“lh |
\
Ws, |
iy |
T, L)
Target Dist Radar Distest. . Target Speed Radar Speed est.
| 200 -100.93 200 10.266 |
125 124.914 125 -124.045
; 50 49.965 1.8 2.566
| | .[‘vw'r%w’»hﬁ-m_}\_ % k‘

0 20 40 &0 80 100 120 140 160 180 200 220 240 260 280 300 320
Frequency (MHz)

ADC pre-EiIter properly specified

KEYSIGHT
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ADC 'pre-FiIter does not have énough
rejection of the interferer beat tone.



Automotive Radar Development

MILLIMETER WAVE TEST SET UP EXAMPLE

F
Mm 17 GHz Power
VCO Amp
Loop 71 GHz TX
AL File _"O B Filer Antenna
Ramp
Referean T

—— 0DS

T

Transmit
Control

P ( ) 771 GHz RX
Baseband Data :mﬂﬁ* Filler BP Filter @ Antenna

Mixer

KEYSIGHT

TECHNOLOGIES



Automotive Radar Development

MILLIMETER WAVE TEST SET UP EXAMPLE

A& mmW Signal Generation with simulated signals

SystemVue

Antenna

M8195A AWG N5183B MXG

mmWave Module

N9041B DS0S804

Ext IF Out

pLE
o) Eal L)

9 _0;‘3

A & A1

| 10MHzout

= CRCRT e Antenna
- CH1
89600 VSA

KEYSIGHT mmW Signal Analysis

TECHNOLOGIES

| il

=

a |
Y ol
3 W

£

Tl

L
1
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Automotive Radar Development value of

Keysight
SIMULATION AND MEASUREMENT CONNECTED SOLUTION #2

* Unique 79GHz FMCW automotive radar ' L
simulation and measurement connected Q
solution consists of W1908 SystemVue A o _ b
and Keysight AES HW X

* Real-time comparison of 24 /77 / 79 GHz S

FMCW automotive radar simulation result
and test result to help automotive radar
engineers to bring their design to market
faster and safer

=y e X
AWE: e ian

KEYSIGHT

TECHNOLOGIES



Automotive Radar Development value of

SIMULATION AND MEASUREMENT CONNECTED SOLUTION Keleght

Radar Scenario

Automotive Radar 7 RADAR Tracking Simulatlon

End-to-End Testing for mmWave Radar Reduce Flight Testing Costs

Design ‘ ‘zomprehensive __ETE v
vanced simulation tools f lyze Entire System including Flight Path, 3% w -«4
‘ | Phased Array and Signal Processing 5 o -«<\:

Development Accurate

Wideband, mmWave Measurement Solutions | Model Environment, RF HW and
Antenna Effects

Manufacturing Efficient

Scalable, Reliable, Accurate, and Repeatable Reduce Cost and Time of Field Flight Tests

thru Simulation

e et
‘.I/'l‘.‘\é-___:‘_-—;%

KEYSIGHT
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Correlation

Automotive Radar Development

SIMULATION AND TEST RESULTS

« Two objects, 10 cm apart, FMCW, 1 GHz and 4 GHz modulation bandwidths

« Simulation result (left) and Measurement result (right)

§ Vector - Keysight 89600 VSA Software (64-bit)
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Correlation

Modulation BW: 4 GHz
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Automotive Radar Development

FLEXIBLE AND COMPLEX MODULATION SIGNAL GENERATION

W1908 SystemVue Auto Radar Library

1 N ]M‘

IQ Tools ol

N7608C Signal Studio

Triangle FMCW

Download waveform from SystemVue

Provew

Key Features

- Download Radar FMCW signals from either: SystemVue, 1Q Tools,

Signal Studio, or others

Parameters

E8740A-070
Performance SG

- Generate ideal reference signals (replace Tx LO / VCO)

- Generate interferer, clutter, jamming test signals (Rx Test)

KEYSIGHT
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Frequency Range
Signal Bandwidth for IF/RF
3dB Bandwidth for mmwW

Poutl1dB

Amplitude flatness (at SMA connector,*
compensated for sin(x)/x)

Amplitude resolution

DAC resolution

AWG Sample rate

Sample Memory (Internal / extended)
Frequency Switching time

MIMO and beam forming

mmW Modulation signals

DC to 25GHz, 60GHz to 90GHz

IF/RF up to 25GHz

5GHz for FMCW @ 79GHz Fc (with
correction)
-14.6dBm@76GHz
-13.5dBm@79GHz
+2 dB (typ), fout=DC to 10 GHz
+2 dB, -3 dB (typ), fout =10 to 25 GHz (typ)

200uV (nom)
8Bit
13.44 GSals to 65GSa/s
1 MSa/16GSa
505us / 38ps (opt FSW)

Expandable to 16 synchronized channels

FM, PM, FMCW, pulse sequence, MFSK,
custom OFDM,......

*Measured at Data Out.



Automotive Radar Development

BENEFITS OF HIGH-SPEED ARBITRARY WAVEFORM GENERATOR

High Speed AWG functionality

Extremely wide modulation bandwidth (e.g. DC to 32
GH2z)

Instantaneous frequency hopping
Overlapping pulses at different frequencies

Phase-coherent, multi-emitter,
multi-channel pulse generation

Repeatable phase from pulse-to-pulse and channel-to-
channel, perfect frequency ramps

Flexible modulation formats

No images or carrier feedthrough.
Flat magnitude- and phase response
(after calibration)

KEYSIGHT

TECHNOLOGIES

Benefit for Radar Testing

Discern targets that are close together
Finer resolution of a given object

Realistic simulation of multiple emitters that are
transmitting simultaneously

Economical setup to for testing multi-channel radar
receivers (e.g. DOA)

Repeatable test results

Develop new modulation schemes that are more tolerant
to interference

Testing your device and not the instrument!



Automotive Radar Development

OVERLAPPING PULSES AT DIFFERENT FREQUENCIES
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Automotive Radar Development
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Automotive Radar Development

FLEXIBLE MODULATION FORMATS

Modulation on Pulse |None - Modulation on Pulse |Barke

« Any mathematical expression
can be used to describe the
modulation on the pulse
including CW, FMCW, LFM
chirp, Barker, non-linear chirp, = tossteronruee tneemee -
user-defined frequency- and
phase modulation

++++++

Modulation on Pulse User defined Modulation on Pulse |Userdefined

Freq. mod. formula cos(pi(x-1)) Freq. mod. formula sin(4*pi*x)

Phase mod. formula |0 Phase mod. formula |floor(x*8)*180

KEYSIGHT

TECHNOLOGIES



Automotive Radar Development

INDUSTRY’S MOST POWERFUL AUTOMOTIVE RADAR SIGNAL ANALYSIS

E8740A-060 Performance SA
Key Features Key Measurements

With N9041B UXA  RF Power v,
« Continuous Freq sweep 3Hz~ 110GHz ’
« 5GHz BW (with external oscilloscope)
* Up to 1GHz internal BW with adding opt H1G
» -150dBm/Hz DANL up to 110 GHz
« Dual input rugged 2.4mm and 1mm connector
« 50M RBW with adding opt H1G and opt RBE

* RF Power, Harmonic and spurious, Spectrum Emissions, OBW,
Frequency Stability

* Phase Noise with N9068C

* Noise Figure with N9069C and opt P50 at input port 1 (up to
50GHz)

With DSOS804A Scope and VSA s/w

» 10 Bit ADC up to 8GHz bandwidth with minimum resolution :
0.781 mV) 4x better resolution than RTO 8 bit ADC

* Analog/Digital I/Q input

Spectrum Emissions
Phase Noise
Frequency Stability
Modulation Quality

3 Hz - 110 GH=z
Continuous sweeps

5 GHz BW (with
external oscilloscope)

Up to 1 GHz
internal BW

-150 dBm/Hz DANL
up to 110 GH=z

Dual input rugged
2.4 mm and 1 mm
connector

KEYSIGHT

TECHNOLOGIES



Automotive Radar Development

FLEXIBLE FMCW SIGNAL ANALYSIS IN SPECTRUM & TIME DOMAINS

89600 VSA Key Features:

« Automatically synchronize to
FMCW radar signals comprised of
multi-chirp linear FM modulation
patterns.

* Synchronized
Amplitude & Phase

* Synchronized
Frequency (FM) Modulation

«  FMCW Region Tabular metrics

« Power and Time
« Best-Fit FM
 Phase Error

* FMError

* FM Slope Error

KEYSIGHT
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2 FMCW Radar - Keysight 89600 VSA Software (64-bit) =

File Edit Control Source Input MeasSetup Trace Markers Window  Utilities Help
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FM

Ezr;i’ Time Time Best-Fit BeStiFl_t Best-Fit Best-Fit E::e E:‘r:a FMError  FMError  Slope E?;ﬂof\ope

Mean Start Length  FM Mean FM Slope  FMINL RS Peak Error

(@Bm) D= (sec) (sec) (Hz) (Hzfps) (%) RMS ~ Peak 4 (Hz) RMS Peak
(dB) =l 2 (deg)  (deg) (Hz/ns)

(Hz/ps)

Power
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1 -4.697 k 9.75138 k -37.1055 k
3 23675 m -25.82766 125999 M -2.79998 M 2489 m 1397k -4.206 k 9.20612 k -31.9603 k
1 -7.281 2285 24225m 45y -2097062 126.0009 M 2.80002 M 2465 m 2058 -4.24 151149 k 4366k 971264 k 31822k
3 -7692 2566 24775m 45 -219868 125999 M -2.79998 M 3.258 m 1805 -3.852 142715k -4104 k 942437 k -29.5183 k
1 -7.281 2278 25325 m 45p  -35.61224 1260008 M 2.80002 M 4181l m 2055 -4229 158562k  -5.268 k 9.90295 k -27.7605 k
3 -7693 2532 25875 m 45y  -2537468 125999 M -2.79998 M 3.666 m 1818 -3.973 14255k  -4619 k 9.72101 k  33.0268 k
1 -7.28 2287 26425m 45p  -44.02311 126001 M 280002 M 376 m 1998 -4.212 148536 k 4,736 k 9.69808 k -33.578 k
3 -7.69 2555 26975 m 45y  -2367863 125999 M -2.79998 M 4.375m 1816 -3.989 143591k -5.512 k 9.97929 k 37.5663 k




Automotive Radar Manufacturing

SOLUTION
Frequency
Reference 11GHz Power
V€O Amp
Loop 77 GHz 11
(O _*O B Fier Antenna
Ramp
Refﬁean T
—» 0DS
Transmit
Control
Sensitivity,
Baseband Data l—@* HL: 4—®¢— SGF:' @ M Immunity
ADC Antenna against
Mixer Interferers,

DSP
processing

KEYSIGHT validation
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Automotive Radar Manufacturing

RADAR TARGET SIMULATOR (RTS) BASIC FUNCTIONALITY

R ol m Basic Functionality

adar

(DUT) =F @ 0 1) Radar DUT signal is
received

2) Signal is manipulated in the
Radar Target Simulator

- g Radar 3) Signal is then re-transmitted

[ back to the Radar DUT

Simulator

(DuT) =R

1 meter min. physical distance

Time delay Range (Distance)

Doppler Frequency Shift Radial Velocity (Speed)

Attenuation Radar Cross Section (Object Size)

KEYSIGHT
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Automotive Radar Manufacturing

RADAR TARGET SIMULATOR (RTS) OVERVIEW

Manufacturing Test concept and Capabilities

Frequency Band : 77 GHz

Bandwidth 1GHz

Single Target

Range 10m to 450m

RCS Range 63.5 dB attenuation at 1 GHz BW
Speed 0 to +/- 360Km

Benefits
*  Wide simulated range coverage with minimum distance starting from 10m
1GHz Bandwidth support wide range of module without the need of changing center frequency
Scalable for both Manufacturing and R&D test
*  Basic — Fixed range simulation (ie 75m & 150m)
*  Comprehensive — Full range, RCS, Doppler & DUT Transmit Power
 Reliable, accurate and repeatable performance
« Ease of use GUI and APl where all parameters controllable in C++ & C# programming
environment
« Designed, manufactured and supported by single company Keysight Technologies
«  World wide support, calibration and warranty

« CE and Safety certified
KEYSIGHT
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Automotive Radar Measurements

THE FHREE FOUR TYPICAL RADAR DUT TEST TYPES

DUT / UUT (Typical Radar Sensor)

Edum! 11 GHz Power
VCo Amp
PLL Loop ) 17 GHz X 77 GHz
Filter BP Filter Antenna
R?amp ' >
elerence
G
A

Free Space 2 3. Targ et
Transmit . .
‘| <4mmm DUT Rx Path < , Simulation
Baseband Da = i @ RX
- AncQ o o EE ‘ ("“‘e""a 77 GHz

~ 4. Interference Tests
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Interference Sources and Scenarios

INTERFERERS - WHO ARE THEY ALL ? WHICH ARE THE (MOST) CRITICAL ONES ?

?7?
?7?

5G

CWwW
Noise
FMCW

Fast Chirps
OFDM

KEYSIGHT
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Keysight Solution Setup - Interference

Interference Signal Generation

by

Attenuator
Amplifier

Upconverter Filter

M8195A AWG

N5183B MXG

* generate “traditional” interference signals (CW, noise, FMCW)

« generate new, critical interference signals (5G, OFDM)

« generate “any” interference signals

« generate a complex set / mix of interference signals

« capture and replay / replay + modify e.g. other Tierl radar modules

Radar Target Simulator

Radar Module
UUT / DUT

76-81 GHz

E870xA

Interference Scenarios:
« Set object at x m distance, inject t.b.d.interference signal with increasing power until object
disappears
KEYSIGHT ~ «  Move object from x m distance with speed of y km/h,
inject t.b.d.interference signal with increasing power until emergency brake does not work anymore



LEADER IN AUTOMOTIVE & ENERGY

Collaborations

ETSI, 3GPP, 5GAA,
IWPC, Autotech
Council, Car 2 Car,
and more

Value of

Keysight

R&D
Centers

in Germany, Detroit,
, Bay Area, and i
Singapore 5

Over

50 Solutions

launched In
2017 alone



Automotive Radar Design and Test Lifecycle

SUMMARY

« Advanced automotive radar with millimeter frequency and wide bandwidth are now an
Indispensable part of Advanced Driver Assistance Systems (ADAS) and autonomous driving
vehicles

» Growing demand of advanced technologies, such as 79GHz frequency with 4GHz modulation
bandwidth and micro-Doppler to detect and protect pedestrians, has led to new design and test
challenges

» Keysight Automotive Radar solutions from early design simulation through Research &
Development (R&D) and manufacturing to solve current and future automotive radar design and
test challenges
 Value #1- Entire design and test lifecycle solutions
 Value #2- Connected solution consists of design simulation software and measurement
« Value #3- Leadership in current and future automotive technologies

KEYSIGHT
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