Announcements

Reminders:
e Lab 2 checkpoint extended to Thursday
e Must submit discussion questions for Thomas today!
o Auditors can email me to submit questions
e Lab submissions can be revised to receive credit, up to 1 week
after all feedback (i.e., for all students) has been posted
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1. Radar Industry




The Radar Supply Chain
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Designing Hardware

l

Band
Silicon vendors

SoC

Channel count

Requirements

Packaging Tier 1s

Modulation

Sensor Architecture OEMs




Requirements — physics — hardware

Requirement

Physics

Hardware

Range resolution

Max range

Field of view

Velocity resolution

Max unambiguous velocity

Angular resolution

AR=c/2B

R* « Py G2 A2 0 / SNRyin
Element pattern; d < A/2
Av =A/2T frame

Vmax = A/ 4T _chirp

0 res=A/ (N d cosB)

Chirp bandwidth

Power and antenna gain

Element design and spacing
Frame duration (chirps per frame)
Chirp repetition time

Virtual array size




Radar Classes

"1 Angular resolution (finer 1) Imaging @

Long Range Py

Medium R (LRR)
) edium Range

Robotics /| AGV (MRR) o

10° Corner/ SRR @

Drones — altimetry, obstacle

In-cabin presence & vital signs

40°
1m 10 m 100 m

Max range (further —)
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2. Silicon & Radar Devices
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76—-81 GHz
Vehicular radar allocation

57-64 GHz

Unlicensed

- in-cabin, robotics



Spectrum is a regulatory mess

57 59 61 64 V4 76 81 GHz
United States ] I
<20dBm - 40 dBm @ 61 GHz 55 dBm peak - 50 dBm avg (Part 95)
European Union N N
20 dBm peak (EN 305 550) 55 dBm peak (EN 301 091 / 302 264)
China [ ] [
27dBm EIRP 76—77 GHz only - 1 GHz (SRRC)
Japan 1 - I
13 dBm - chirp < 3.3 ms 10 mW antenna power (T48 / T111)
Korea . ] - I

43 dBm peak - 9 GHz BW -3 dBm/MHz avg - 20 mW at 77-81
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60 or 77 GHz?

Bandwidth

Permitted Power

Licensing

Use cases

Verdict by class

Up to 7 GHz, but unlicensed

= 20-30 dBm

Unlicensed, fragmented by
region

Indoor, in-cabin

Presence, vital signs, gesture

1 GHz (76-77) + 4 GHz (77-81)

55 dBm peak / 50 dBm mean

(Mostly) Harmonised

Outside

Corner, MRR, LRR, imaging

13



60 GHz

Indoor

(no drones)

60 GHz
Application

L2
Optimize for
BW / Range
Resolution
¥ I v
Balanced Optimize for TX
Highest BW BW/Power/TX time / velocity
time resolution

57-71 GHz 57-64 GHz 57-61.56 GHz 57-61.56 GHz
-10dBm cond 14dBm EIRP 20dBm EIRP 3dBm EIRP
25.5ms off-time 16.5ms off-time No Off time Req
No Off time Req

15.255 (c)(2)(v) 15.255 (c)(2) 15.255 (c)(2)(if) 15.255 (c)(2)(ii)

v

Optimize for TX
Power / Range

57-59.4 GHz
20dBm EIRP
No Off time Req

15.255 (c)(2) (i)

[

61-61.5GHz
40dBm EIRP

Outdoor

Drones, Incabin)

(no

v

Drones/UAV

Optimize for BW

Optimize for TX
Power / Range

57-64 GHz
20dBm EIRP

No Off time Req 16.5ms off-time

15.255 (c)(2) (v)

15.255 (c)(2){iii)(B)

57-59.4 GHz
30dBm EIRP
No Off time Req

15.255 (c)(2) (i)

60-64 GHz
20dBm EIRP
16.5ms off-time

15.255 (b)(3)

v
In Cabin
I
12 v ¥
- Balanced
Optimize for BW Optimize for TX BW/Power/TX
Power / Range time

57-64 GHz
14dBm EIRP
25.5ms off-time

15.255 (c)(2)(iii)(A)

57-59.4 GHz
30dBm EIRP
No Off time Req

15.255 (c)(2) (i)

20dBm EIRP
16.5ms off-time

15.255 (c)(2) ii)
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77 GHz

76 77 81 GHz
76—77 GHz 77-81 GHz
1 GHz bandwidth 4 GHz bandwidth
Peak 55 / mean 50 dBm EIRP Peak 55 dBm - -3 dBm/MHz mean

AR=c/2B =15cm AR=c/2B =3.75cm

15



TI AWR1843

Serial Flash interface

Radar Data Memory
1024 kB*

Radio processor

sub-system
(Tl programmed)

DSP sub-system

I (Customer programmed)

| QSPI '7
\( LNA IE W , Cortex R4F
| | @ 200MHz SPI Optional External
\( MCU interface
LNA IF ADC | Digital (User programmable)
1 igita |
Frongt ond SPI/12C PMIC control
\( I | - Prog RAM Data RAM Boot
- (512B*) (192kB*) | ROM DCAN
LNA IF W ('I_Zl)temmhat!on Primary communication
| lter chain) interfaces (automotive)
(FFT, Log mag, and others)
LNA IF —@ I
| | UARTs |——
| Main sub-system
| (Customer programmed) JTAG for debug/
ADC Debug development
oa —{ 20 | B ] i — ] —— —
[0
% High-speed ADC output
Synth Ramp | @ LvDs interface (for recording)
& I—IACD X (20 GHz) Generator High-speed input for
Y | | C674x DSP HIL [hardware-in-loop verification
400/600 MHz
PA | A® | Radio (BIST) @
| processor |
6 | -
, @ (For RF Calibration | L1P L1D
& Self-test - Tl (32kB) | (32kB) | L2 (BS6KB)
| programmed) L
Prog RAM Data I
I
= Osc. VMON Temp | & ROM ‘ RAM | DMA ‘ | CRC ‘

RF/Analog sub-system

* Up to 512kB of Radar Data Memory can be switched to the Main R4F program and data RAMs




RF Analog Subsystem |

Host Interface
'l AWR2188 [
Cortex M4F
T ROM + RAM
Digital
Front End SPI

QsPI
UART

—

=
[}

—
Radar DIG
x4 I Processor SOP PINS
Cortex R4F
ROM + RAM
Host Interface Subsystem

RENRD
N
:

PAS

|
|

!

20 GHz \ :

LO SYNC Q — I
|
|
|

XTAL Radar Subsystem Datapath Subsystem
0SC
Temp
Sensor

| GPADC | | VMON |

A.  Multi-chip cascading feature is available in AWR2188
B. Internal temperature sensor accuracy is + 3 °C.




Monolithic vs chiplets

Monolithic Chiplets
4 I (" ) ( R
One die RF die Digital die
RF front end - ADC RF front end - “ DSP - MCU
DSP - MCU - Memory - I/0O ADC Memory - I/O
- ) o J - J

one die / one package - one process node multiple dies / one package - multiple nodes




Outline

3. Radar Sensor Systems




Virtual arrays, reviewed

Physical

Virtual

TX - 2 elements RX - 4 elements
O O 000
4(N2) N2

TX@RX >N txxN_rx=8

aperture = 7(N/2)

20



O.BAI |

RX1RX2RX3 RX4 it s e
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> Figure 2-17. AWR2944EVM Antenna Design
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Figure 2-18. Virtual Antenna Array 21
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Figure 2-14. Virtual Antenna Array

AWR2544LOPEVM




Sparse arrays

Normalised array gain (dB)

Broadside azimuth pattern, A/2 spacing

—-10 1

—-15 1

—20 41

—25 41

—30 1

—35 1

-40

peak sidelobe -7.9 dB

Filled 20-element ULA

= \firtual array (18 elements)

-90

—-75

—-60

—45

-30

-15 0 15
Azimuth from broadside (deg)

30 45

60 75

90
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4x (3x4) Cascade: TI MMWCAS-RF-EVM

:
!
g
i
i
!
H

@y,
qum

5
o o - 6733600008
= 3 =

mmllave Cascade Radar EUM
REV-C
PROCO54
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4x (3x4) Cascade: TI MMWCAS-RF-EVM

-« | 4 » - 16% -
Rx A offset »nl;; 8 1.1... 16 24 32 40 4.6.4.8.5.0...
X Antennas RX Channel—- 0 1 2 3 0123 01230123
—_— — —_——
AWR #4 AWR #1 AWR #3 AWR #2
AWR #4 AWR #1 AWR #3 AWR #2
AWR Placement Master Master Master Master
(U1_4) (U1_1) (U1_3) (U1_2)
AWR #4 AWR #1
— — — —
AWR #3 AWR #2
2 _ . I .
-2 > - . -
Tx Antennas _Txcl_am_’E E 1 212334 N 5 . , s
0 ] n ] 0 o
0.5% offset—# 0 4 281010 16 20 24 28 2
1 [y
:
3 ]
4 im
5 i
6 o
Figure 26. RX/TX Antenna Offsets
- o |

Full TX x RX Virtual Array — T

0123456 7 59 1011121518151617 1519 2021 22 25 20 25 26 27 25 20 30 31 32 33 34 35 36 37 35 39 40 41 42 43 44 45 45 47 45 49 50 51 52 53 51 55 55 57 53 59 60 61 62 63 &4 65 65 67 68 €9 70 71 72 73 74 75 76 77 72 79 50 81 82 83 84 55

Figure 27. Resulting Virtual Antenna Array
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2x (8x8) Cascade: TI AWR2188EVM

The total resulting virtual array of the 16x16 combined elements is shown in the Antenna Near-Regular Array
Configuration figure.

Element Pos (A units)

27



Single-chip vs cascade

T g ctip Jcaseads

Channels 2x4 to 8x8 12x16 and beyond

Angular resolution a few degrees about a degree

LO distribution on-die fan-out on PCB

Sync and calibration one device frame sync and per-chip calibration
Thermal single die drift between dies

Board area and power fairly small scales with device count

Data volume 100s of mbps scales with channel count

28
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Launch-on-package

C26_1
ne -._'... a1
C19.1C27.1 * g w ™5
C17_1™C14_1 __m'\o'
Ll ol

e

Figure 6-1. Pin Diagram
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Outline

4. Modulation Design




Review: Chirp Design

e Target range resolution = bandwidth
o Tradeoff: bandwidth & adc buffer size are limited

e Max doppler = chirp rate

o Tradeoff: limited by ADC sample rate, chirp slope
e Doppler resolution = # chirps per frame
o Tradeoff: lower framerate, blurring

Range (fast-time FFT)

287 _ fre
o 7" 7 g

Beat frequency: fp = Stq =

C
Resolution: Ar = —
* Resolution: Ar = o
e Max range: Ryax = N Ar = %
e Real-valued ADC (no I/Q): only N/2 usable bins, fi max =
Fs
Fe/Qj S0 Rmax = 4_;

Doppler (slow-time FFT)

e Round-trip phase: ¢ = 27 fotq = 47r/A
. 4mv Adgop A
Per-chirp advance: A¢gop = T. =>v=—"LFC
e Per-chirp advance: A¢g,, 3 v T
e Doppler shift: f4 = 2v/)\
A
Resolution: Av =
e Resolution: At SN,
e Max unambiguous: |v| <wv - A
€ a 4 S Ml = Umax — 471‘

(from |fa| < % or |Adgep| < )

32



Time Division Multiplexing (TDM)

Round robin, N tx =3

~ [l N N
X2 N N N

X3 N N N

N tx=3
SNR loss
Max unambiguous velocity +3
v_max + N_tx
Angle bias from Doppler small

phase drifts between TX slots (at low speeds)

33



Time Division Multiplexing (TDM)

Round robin, N _tx =16

1 —

—_
—_
—_
—_
X _—
—_
16 ]
N_tx=3 N_tx=16
SNR loss
~10 logso N_tx 4.8 dB 12 dB
Max unambiguous velocity 23 =16
v_max + N_tx '
Angle bias from Doppler small

phase drifts between TX slots (at low speeds) grows with N_tx




Doppler Division Multiplexing (DDM)

Every TX on every chirp After the Doppler FFT

« OO
 AADEAN
T T T T

phase increment in units of 21T

A@y =21k / N_tx per chirp, per TX

35



DDM: Velocity Ambiguity

Gain

Full TX duty cycle; no lost gain

X1
TX3 TX1

_,I
TX1 slice

B within v_max/N_tx

Cost

v_max still + N_tx

TX2
TX2

TX2 slice
B exceedsv_max/N_tx

TX3 slice

TX3

36



DDM: Velocity Ambiguity Resolution (VAR)

“Empty band” DDM VAR:

e Reserve empty slot(s)

e Each target appears once
for each slot

e The first appearance after
the “empty” slot is TX1

TX3 TX2
o ©

TX4@® A@=m/3 @TX1

37



Other VAR Methods

e Make virtual elements from different TX coincide
o More advanced version: compute angular spectrum for each TX
and evaluate where they coincide

e Use coded doppler shifts
o

38



Interference mitigation

Time domain After the range FFT
IIllllllIllllIllllllIllllIIIII|||IlIIIIlllllllllllllllllll
interferer crossing — burst noise floor rises — no false target
Toolkit
Chirp randomisation Frequency hopping Detect and repair
signed slope and start : .
between frames blanking — reconstruction
frequency vary

39



Beyond single-radar, range-Doppler

Distributed aperture radar Synthetic aperture radar

Car position at to Car position at t1

;! 5000 B

Synthetic aperture

40



Outline

5. Radar Perception Systems




Classical Radar Signal Processing Pipeline

FFT CFAR AoA Track Policy

ADC Range- CFAR Detections Objects
samples Doppler points

Function

42



Time
Signal




Spectrum

4

P

L
1

t










AOA Estimation




Traditional Systems

< radar device | vehicle computer —

100mbps — 10gbps 1-100kbps | ~kbps <1kbps
| : | |
|
|
o 1o o
!
:
= |
ALl IR CF.AR Detections | Objects Function
samples Doppler points !
:
: CAN, Automotive
I Ethernet
Warnings,

Emergency Action

Simple Policies

48



Point Cloud Perception

< radar device | vehicle computer —

100mbps — 10gbps

ADC
samples

Range-
Doppler

ADAS, L2/L4,
Autonomous robots,
drones, ...

| . .

CFAR
points

—

1-100kbps ~kbps

Detections Objects
CAN, Automotive
Ethernet

Point Cloud-based ML
Pipelines

Function

49



Spectral Radar Perception

vehicle computer —
100mbps — 10gbps

1-100kbps

‘r’ ww w . . .

ADC
samples

Range-
Doppler

1000BaseT,
10GBaseT,
GMSL

Spectral ML Model

Detections

ADAS, L2/L4,
—  AUtonomous robots,
drones, ...

Objects

Function

50



Edge vs Central Architectures

T e e

Data Rate

Data Density
Vehicle Computer
R&D Cost for OEMs
Flexibility to Change

Negligible (~kbps)

Low (100-1000 points)
No special requirements
Low to None

Low

High (>100mbps)

High (dense data cube)
Requires powerful accelerator
Requires ML expertise

High (easy OTA updates)

51



Summary

Requirement Hardware Design Decision
Range resolution Chirp bandwidth Frequency band (60 vs 76 vs 77 GHz)
Max range Power and antenna gain
Frequency band, antenna design, packaging
Field of view Element design and spacing
Velocity resolution Frame duration (chirps per frame)

Modulation and signal processing pipeline
Max unambiguous ghalp g pip

velocity Chirp repetition time

Angular resolution Virtual array size Radar silicon, single-chip vs cascade

Perception Pipeline Data rate and compute capability Edge vs central

52



Next Time

From Blips to Bounding Boxes:
The Evolution of Automotive Radar Perception

Michael Ulrich

Senior Expert, Al Perception & Signal Processing, Bosch
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