


Background

INDUSTRY MOVE TO MM-WAVE

Broader Satellite systems are demanding
Freguency coverage higher bandwidth

Offers faster, higher density, secure and safe communications

Higher densification of

communications satellites Faster higher sensitivity

communication systems
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What’s Available at MM-Wave ?

21.1 GHz of new unlicensed spectrum

Current 24 GHz LMDS 40 GHZ 50 GHz 60 GHz 70-80 GHz 116-123 GHz 174.5-182 GHz 185-190 GHz 244-246 GHz
IMT Licensed Licensed Licensed Licensed Licensed Licensed Unlicensed Unlicensed Unlicensed Unlicensed
Bands Band\"‘"dm
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*Gigabit LTE and beyond: Mobilizing millimeter wave



Impact On Wireless Communication

ENABLES NEXT-GENERATION BROADBAND ACCESS

5/6G SatComm  802.1lay
Complex OFDM OFDM Single
Modulations 256 QAM 256 QAM 62r(gzrlvl
Wider
| 100/400 MHz i

Bandwidth 1.2 GHz (CA) 0.5-2 GHz 4-8 GHz

- FR1: <6 GHz
High
C S cies  FR2: 24-52GHz  £2Banc 57-71 GHz

G FR3 & 4: 260 GHz ??

XIu!tiple Phased array antenna Phased array antenna  Phased array antenna

ntennas MIMO FR1: 88 MIMO
Techniques

MIMO FR2: 2x2
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Space and Satellite

IMPACT ON COMMUNICATION SYSTEMS

V-Band & more

10X
Loss
| ““ \\\
‘;“:“‘ 4-6 GHz, /\7
\ U r v x

4 S P S L 4V P T A T o

Higher Frequency Space Higher Densification

. Image courtesy of NASA .

» Lowering costs

Move to Ka-band and looking higher to V-
- 18,000 proposed LEOs band (more available bandwidth)

« Increasing electrical interference Smaller antennas

» Hostile environment (TVAC) and Spot beams and phased array antenna
radiation? (satellite)

« COTs HW in space

Flat antenna, phased array (mobile, ground)
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Higher Data Rates

High throughput satellite (HTS)
Frequency reuse

Higher order modulation

Wider bandwidth signals

DVB-S2X, 2014 standard (up to 256
Amplitude Phase Shift Key or
APSK)



Automotive Electronics

INNOVATIONS THROUGH MULTIPLE TECHNOLOGY DOMAINS

Power Steering Control
Rear-view camera
Backup sensors

Vehicle-to-E hing (V2
ehicle-to-Everything (V2X) Power Seat Control

Communications

Personnel Occupancy
Detection Systems (PODS)
for Air Bag systems

Electronic Stability
Control Module

Climate Control System Remote Keyless Entry

Infotainment/Navigation Modules
(DVD, eCalls, Hands Free
Telephony, GPS)

Instrument Clusters

Fuel Injection Module

Power Train &

: : Engine Management (MiL, SiL,
Anti brake Locking system HiL)
Tire Pressure Monitoring system

Emission Control Module Adaptive Lighting Control

. . . Collision Avoidance Radar
Hybrid Electric Vehicle

M, KEYSIGHT (HEV) / Electric Vehicle (EV)
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Automotive Radar Evolution

RADAR MODULATION AND MIMO EVOLUTION

Slow LFM, FMCW
(chirp)

* 3D (Azimuth, Elevation,
and Doppler)

* SISO

Pulse radar » Constant power with low

Y PAPR

* Prone to interference

« 2D (Azimuth and Doppler) * Narrow-band (_sever'al
« Close-in blind-range issues MHz) IF processing with
(only for LRR/MRR) simple homodyne receiver

* High Peak to Average Power
Ratio (PAPR)
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. Fast LFM, FCM (chirp)

* 4D High resolution (Azimuth, Elevation,
Doppler, Depth)

* Small scale MIMO (3x4)

* Few strategies for interference

* I[F ADC sample rate : several 10's MHz

* Complex analog RF Tx and Rx with PLLs
* Simple digital processing with multiple
FFTs

40 channels (5 TX, 8 RX)

2-chip cascade

Image Radar with

Large Ant and massive

MIMO

* 4D UHD Ultra high resolution
(Azimuth, Elevation, Doppler, Depth)
* FCM

* TDM Cascade multiple MIMO
transceivers for large and massive
MIMO

* Big Ant size for high angular
resolution

* Complex analog RF Tx and Rx with
phase synchronization between
transceivers and arrays

* Additional image processing with A.l
and M.L

Coded PMCW

* Phase coded waveform by Pseudo random code

* Hadamard code for orthogonal array channel

* More virtual Arrays and massive MIMO

* More resistant to interference

* Chip rate: several Gbps, IF bandwidth: several GHz
* Simple analog RF Tx and Rx with PLLs

* Complex digital processing



Component & Device Level Impacts

RF TEST METHODS ARE BEING CHALLENGED

* Increased frequencies smaller wavelengths
demands better stability

* Increased demands on the designs being more
stable mechanically and thermally

 Traditional wave propagation methods are being
replaced by E-M field theory

 Move from RLC to Transverse Electric modes of
propagation

« Connector sizes are becoming smaller

« Current coaxial propagation methods have higher
losses move to waveguide and microstrip designs

Contributes to degradation of quality of communication systems at millimeter wave frequencies
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Evolution of Device Characterization

MEASUREMENT CHALLENGES AT MM-WAVE

Transmitter Receiver
Modem I= PA = Modem
B band
— Py, |_voauaor Baseband | _,

De-Coding

o

« Wideband devices at mm-wave frequencies
« On-Wafer devices high levels of integration

 Device performance parameters at mm-wave
« Millimeter wave amplifier Noise figure

* Inter-modulation distortion performance

* 1-Q performance measurements
« System level ACPR and EVM measurements at mm-wave
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Satellite Communications at Higher Frequencies

Atmospheric Absorption
Proposed LEO constellation 50.4

—52.4 GHz mmWave in the future
Proposed 5G Wavelength (mm)
30 20 15 10 8 6 5 4 3 / 2 1.5 1.0 o
100=-1 | ] | ] ] i [ | | I I | 1 i 1 i
40-  Average atmpspheric Extreme Atmospheric Los
20- absorption of\millimeter-waves\ at 62 GHz
10=  (horizontal pr '
E 47
§ 12: Sea level
=
S 947 Satelllite to
g 0% Satellite
% 0.1
E 04+ Ku-band Ka-band 02 057 H20 H20
-~ down uplinks
=9 T fuency
91560 meters altitude
H2 /
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Frequency (GHz)
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Example 1: Freqguency Band Sharing

Wideband
Satellite @ﬁ —
[ vectr - eysign 5500 Sk o o - - =

NmiE) CIEEE A EENHDES AN EE 1.1 | ER e

i< M:d:

Wideband —Wideband APSK
Custom OFDM Satellite

\Waveform Waveform

o

Custom OFDM : AN =R e e NE
Waveform ' ] )ZE»

L L
11010 l_. [ L

Source: https://apps.fcc.gov/edocs_public/attachmatch/FCC-15-138A1.pdf
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Frequency Band Sharing

GOOD COEXISTENCE WITH SATELLITE AND CUSTOM OFDM

[ s s 1

L]}

File Edit Control Source Input MeasSetup Trace Markers Window  Utilities Help
BlHO @ %) i [ R R|“u W [ M- ¢ Ed |50 %] 0% Color Normal
A: Chl Spectrum -

Rng 8.05 dBm
0 ALLPOINTS

Custom OFDM Satellite
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Custom OFDM Demodulation »



Frequency Band Sharing

POOR COEXISTENCE WITH SATELLITE AND CUSTOM OFDM

Ee eommmor e I

File Edit Control Source Input MeasSetup Trace Markers Window Utilities Help (7]

al s @ || 2z iR W [ M- R[50 %] 0% Color Norma
A: Chl Spectrum ~

g 8.05 dBm
ALL POINTS

Custom OFDM Satellite
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= Custom OFDM - Keysight 89600 VA Software (64-bi
@

File Edt Control Source Input MeasSetup Trace Markers Window Utiities Help
bl o ®|F) . SBR[ w W M R 0% ]| 0% | ColorNormal

A:Strm1 QFDM Meas

R

‘ Custom OFDM Demodulation




Frequency Band Sharing

POOR COEXISTENCE LOOK LIKE ?

File Edit Control Source Input MeasSetup Trace Markers Window  Utilities Help
Al hfse] CYEE: anv - iR W H M- i B|[50% ][0 %] Color Normal

A Strrml OFDM Meas C: Strrl OFDM Err Vect Spectrum

File Edit Control Source Input MeasSetup Trace Markers Window  Utilities Help W |
B e ® |F|f 25" B [ [l " Ed @ 50%| 0% Color Mormal

C: Strm1 OFDM Err Vect Spectrum - |

Rng 10.05 dBm Rng 10.05 dBm

Satellite signal is interfering with
custom OFDM signal subcarriers

Canst Lintdag

Lintdag

B: Chl Spectrum ~

D: Chl OFDM Error Summary
Rng 10.05 dBm

dBm

Loghag

EVM vs. Subcarrier
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Example 2: E-Band Communication

S5GHZ BANDWIDTH COMMUNICATION SYSTEM

KEYSIGHEE

TECHNOLOG | e

1

o

=

|0 |00, 1

LR

71 76 E Band s1 86

7196 00

VDI Compact E-Band Upconverter and Downconverter,
E-Band Amp

71-76 GHz Bandpass Filter
Horn Antennas.
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Example 2: Wideband Measurements

UXR 16QAM MEASUREMENTS IN THE 60- 90 GHZ

Used VDI Compact V-Band Upconverter, V-Band Amp, 57.2-65.9 GHz Bandpass Filter for 61.56 GHz Measurements
Used VDI Compact E-Band Upconverter, E-Band Amp, 71-76 GHz Bandpass Filter for 73.5 GHz Measurements
Used VDI Compact E-Band Upconverter, E-Band Amp, 81-76 GHz Bandpass Filter for 83.5 GHz Measurements

UXR 61.56 GHz 1.18% 1.28% 1.48% 1.71%
UXR 73.5 GHz 1.36% 1.57 % 1.79 % 2.08%
UXR 83.5 GHz 1.45% 1.86 % 2.15% 2.45%

KEYSIGHT EPFL Terahertz Conference 2020 17
TECHNOLOGIES



Example 3: Satellite Waveforms Performance

32APSK WIDEBAND DEMODULATION RESULTS AT 27.95 GHZ, 500 MHZ SR

E Digital Demad - Keysight 83600 VSA Software

e Edit Control Source Input MeasSetup Trace Markers Window  Utilities Help
Default - (1) B 52 > 1 1 R Wi A 0% o
i e

» | E: Chl APSK32 Err Vect Time

Linkdag

ok oo bl el bty Ao

» % | F: Chl APSK32 Syms/Errs

RbAS:10
EQ

rw"“‘”"w'mwwwmm

f

10
dB

Markers
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New Automotive Radar Technology Challenges

RADAR TECHNOLOGIES

 Coded Phase-Modulated Continuous Wave Radar
» System design and verification
* Need to consider compatibility with existing FMCW radar

 Linear Calibration required for PA

* 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

+ Verification of MIMO effeteness based on Ant position and location

« Ultra-high Resolution Image Radar
* Requirement of bigger far-field distance comes from bigger Antenna size
* Required conversion algorithms between near-field and far-field for short distance detection

» Cascade multiple transceivers for more Antenna array : Phase calibration and time/phase synchronization

 Requirement for higher Frequency range
* New Assignment of next Gen Radar with Wideband Frequency band for higher resolution
« Emission regulation up to higher Frequency (up to 2nd or 3rd Harmonic of highest Frequency > ~230GHz)
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Conventional Radar vs. Coded Radar

PMCW CODED RADAR EVALUATION

PMCW Coded Radar
* PRBS (ex: 10%) coded to every Tx
* Massive MIMO, high contrast 3D without any constrains on velocity resolution and doppler ambiguity
* Single chip with full support of high # of virtual receivers since cascading of multiple chip is done via code domain
down to picosecond precision.
* Ability to detect small differences in range allow precision detection and early tracking.
* Broadband noise increase, lower to FCM/FMCW

Bi-Phase
Modulation

PRBS 10110011010101.........

Binary Sequence

O - O O
ADC

Low Pass Filter Mixer BPF LNA Rx Ant
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Automotive Radar Development

MILLIMETER WAVE TEST SET UP EXAMPLE

ll|”\€\
Lt mmW Signal Generation with simulated signals
SystemVue

M8195A AWG N5183B MXG

N9041B DSOS804 SN <

Ext IF Out

10MHzout | MES

(=]

pu

-
.:% W ‘ 53 FT
TR LA A 44141

mmW Signal Analysis
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Automotive Radar Rx/Interference Application

SGHZ BW INTERFERENCE SIGNAL ACROSS E-BAND

MOSARIM interference signals AutoRad S/W

fCcw f . FMCW,

Moving Radar transmit signals as interferer

Interferer Radar

up/down
converter

Wideband AWG Interference Signal Interference Signal 5

Radar Echo Signal

mmW

FM linearit
. y Header !

PMCW/OFDM/Coded

Radar Tx Signal
Next Gen Automotive Radar B

A
| IF Tx
IF Rx1

Power/Control

Ref 10MHz clock

CW Any type of Noise signals

Radar Tx Power IF Rx2

755 76 76.5 i 75 8 785 il
Freauency (GHz)
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Automotive Emissions Application

TEST UP TO ~330GHZ

N9041B UXA
Signal Analyzer

Spurious Emission Spectrum - DC to 110GHz

— Limit = Result

Freetsed s

T T T T T T T T 7 T
0 10000 20000 30000 40000 50000 60000 10000 80000 90000 100000
Frequency (MHz)

Log (dBm)

&

| —-—

LO/IF

U1816C USB
Coaxial Switch

N9029AV03 220 — 330 GHz

LO/IF ¢ ‘N9029AH03 220-330 GHz

N9029AV05 140 — 220 GHz

LO/IF ¢
‘N9029AH05 140-220 GHz

N9029AV08 90 — 140 GHz

LO/IF
g' f N9029AHO8 90-140 GHz

N9029AV12 60 — 90 GHz

LO/IF ¢ § N9O29AH12 60-90 GHz

SWC-19VF-E1 .

Spurious Emission Spectrum - 110GHz to 220GHz

— Limit = Result

TV‘L)\M—M

u T ' T T T T T u y
110000 120000 130000 140000 150000 160000 170000 180000 190000 200000 210000 22004
Frequency (MHz)

Spurious Emission Spectrum - 220GHz to 330GHz

— Limit = Result
§ J\«\——MWL.._L
220000 230000 240000 250000 260000 270000 280000 290000 300000 310000 320000 330013

Frequency (MHz)

MXA Spectrum View Emission spectrum  Step Settings !

Radar Measuremen st — 1 |
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1.85mm(f) to 1.85mm(f) 2m Cable

=

ﬂ N9029AH19 40/50-60
GHz @ RF port2

DC-40/50 GHz @ RF
portl







W-Band Amplifier NF Application

APPLICATION OF COLD NOISE TECHNIQUE

10 MHz Input

* Using Friis equation we can express = DC SRC CNTRL

Port 2 Noise Receiver
Measurement
Measure NFX of Converter

the NF of the cascade system as:

F2_1
Gy

FT= F1+

Port 4 Module used to
Measure DUT Gain etc.

« Since F; is the NF of the 75-110 GHz

LNA we can rearrange the
above equation.

/ Noise Downconverter Module \
75-110 GHZ‘ r®

Switch |:2

Port 1
FZ — 1 Module

F1=FT—

Gy \_ J

10 MHz Input

TTL CNTRL

A Fr



W-Band Amplifier NF Application

COMPUTED NF USING COLD SOURCE METHOD

File Instrument Response Stimulus Utility Help

Eq=Tr7*pow((mag(Tr8)

Tr9 Ch3

intTrig | ([EEIR BW=10k |CA SNC_2P|| ExiRef| SrcCal* | Smooth

Prev Next
Trace ||Channel
434 dB )
Displar Setul
747 dB Py P

Marker

Freq

Sweep

util
Save
Recall

Trigger

LCL 2019/04/07-14:52
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W-Band Amplifier NF Application

Typical Noise Figure vs. Frequency
Bias: +8 V/,./30 mA

7

Noise Figure (dB)

75 80 85 90 95 100 105 110
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Integrated Millimeter Wave Application

NOISE FIGURE AND IMD MEASUREMENT EXAMPLE

Power /O Control |

[ ) [ ) ® o
® ® ® o |
IMD & S- <
T | Parameters 2
IMD Port 1. S | et =
N ' a2
IMD Port 3. 2
pd
Port 1 10 MHz Sync
TTL Control
Port 3 Noise Module
Optional
Variable
Attenuator

KEYSIGHT
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Integrated Millimeter Wave Application

INTERMODULATION AT MM WAVE

File Instrument Response Stimulus Utility Help
O o |

:::] Hardkeys i

Instrument
Response
w
e

Tr20 PwrMainLo 10.00dB/ 0.00dBr 21 PwrMainHi 10
1: 0 000 000 GHz
000/000 GHz

Tr 24 Pwr3Lo 10.00dB/ 0.00dB
=1 2

uulity
Save
113 | cha | g | ERERR 5wW=100k| No cCor

RFOn  UpdateOn IntRef LCL 2018/12120-17:19
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Noise Figure in D-Band

— VNA 4
204 - Low-Res Y-Factor
—— High-Res Y-Factor
15+
o
=
(o=
8 10+
g
=
£ O
<
0 -
_5 .
110 120 130 140 150 160 170

Frequency (GHz)

« Standard VNA measurement of amplifier
« Attenuator added to output to ensure receiver is not saturated
* It was also important to let the amplifier thermally stabilize

Reference : Theodore Reck and Jeffrey Hesler VDI
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I-Q Mixer Recelver Application

MILLIMETER RF INPUT & BASEBAND [-Q OUTPUT

Millimeter LO Input — 69.9 GHz

N
5 < | ' Millimeter
3 o Y 90 beg RF Input
g 8| Hybrid | \ 70 — 90 GHz
o N & 1o /
o2 T :
= v Drive
O « Q 6
e 7
—i
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I-Q Mixer Recelver Application

I-Q BALANCE , GAIN & LO FEEDTHROUGH

File Instrument Response Stimulus Utility Help
@ Scale Per Division K[| IE] Cal Hardkeys |X
Tr 1 IPwrF110.00dB/ Tr 2 S11_F110.00dB/ Tr 6 Qgain5.000dB/  Tr 3 IGainF15.000dB/ Instrument
TS5 d 10.00g 15 - boodo ghz 224sdB
50 1: 80.000 GI'\-IZ -15. 10 s og0 G =2285s
40 >3- 00040 GHz 5. 5 -~ boofo GH 22 |4 dm
30 —HOOq0 G > Hoodo GHz 22,14 dB Trace [| Channel
20 . bo-066-GH 0
0 10 & Cal spley | Sewp
-10 215 i, Response
20 20 e "
30 VT
3 f =~
50 30 Correction v
Ch1:DIQF1 70.0000 GHz 90.0000 GHz -35 on
1 Ch1: DIQF2 69.9000 GHz 69.9000 GHz | | 2 Ch1: DIQF1 70.0000 GHz 90.0000 GHz
B 1qBal Phase 5.000% 90.0° Tr 7 I1QBal LogM 1.000dB/ 0.00dB Src Power Correct
105
100 ON Stimulus
| : 3
95 Freq Power
%0 WAL A AR ;AW?A&K}JMM%\VV\!\#\ M Interpolation
: : .
Peak to Peak: 8[36°
80 PJ‘UCAI T U-‘I == - I_"jlity
75 td. Dev.: 172°
t1: 11.000 GHz 88j34° Recall
70 PeaKto Feak TZ§ds
55 Meoan: 064 dB
60 td. Dev.. 023dB i
e |1 11000 GHz 074 dB Properties...
3 >Ch1: DIQF3 Start 100.000 MHz — — Stop 20.1000 GHz
| Trs | cn1 | ntrig | Swp | BW=100k | Ca4-Port | SrcCal | Il Il _ _ |
l | RFOn  UpdateOn | 3 Unleveled, source 2, out 1 | oL | 2o17msni144 |
KEYSIGHT EPFL Terahertz Conference 2020
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1Q Mixer NPR & ACPR

APPLICATION OF MM-WAVE VNA FOR NPR & ACPR

10 MHz Reference

Modulation
Signal

N

MM-Wave
LO Output

X

_— MM-Wave
90 Deg. ‘ 90 Deg. RF Output
Hygrld Hybrid LO

> &
Drive Drive /

o

=
X

KEYSIGHT
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NPR & ACPR 77 GHz 1Q Mixer

KEYSIGHT
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File Instrument Response Stimulus Utility Help
(0] rml 0 =) e

D LogM 10.00dB/ -23.0dBm

U J.:J"*'W'WH’“"’I Wi

RBW 4 kHz/

Tr1 |[ chi IntTrig maw-41?k © ExtRef [11.93 5

Start Frequency LSR5 l_] Hardkeys i

Prev Next

Trace || Channel

Display || Setup

m
AVGBW

utility
save

h“(\ | /W\

Wi \\v, || W ("Hh”"*

Stop 77.1550 GHzl

LCL 2019/04/16-15:23




|Q Modulation Definition

Create Modulation -
Modulation Type |NPR MNotch Source Name |MXG_N5183A - Sample Rate  200.000000 MHz E Auto ‘ -9-
Signal imi i
J Desired Priority  Calculated Optimize Signal
Signal Span 100.000000000 MHz [£] Enable Optimizer | Sewp. |

Tone Spacing  v|  100.000000000 kHz [%] Frequency Tolerance v/ 1.00 % B

MNMumber of Tones 1001 E v Calculated Result
Peak-to-Avg

Carrier Offset 0.000000000 Hz E

Phase Type |Random - |

Random Phase Seed 1 E

Nmbr of Notches |1 h |

Notch Location |AVOid Carrier v|

Notchl Span  ~ 10.000000 MHz E e

Notchl Offset ~| [0Hz B Display |Spectrum-ldeal ~
DAC Scaling 70.00 % B Number of Samples

Calculated Sample Rate
Measurement Time

Filename

Press Calculate to create a new signal.

Calculate ‘ ‘ Save... ‘ ‘ Recall... ‘ ‘ Defaults OK l ‘ Cancel ‘ ‘ Help

KEYSIGHT
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NPR & ACPR 77 GHz 1Q Mixer

File Instrument Response Stimulus Utility Help

Tr1 | chi inttrig | (R Bw=4.17k ©

ExtRef[11.99 5

Start Frequency [l || Hardkeys (¥

Prev Next
Trace || Channel
Display || Setup

B

Utility
Save

LCL 2019/04/16-15:08
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Advanced Millimeter Wave Applications

SUMMARY

* Introduction
» Wireless communication applications
« Automotive Applications

« Component Measurement Applications
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Keysight Technologies in Switzerland

LOCAL ENGINEERING RESOURCES

Keysight Technologies Switzerland S.A.
Rue de la Gare 27, Morges, Vaud

I
Space and Satellite Industry

Richard Soden B.Eng. Ph.D.
Global Lead: Space and Satellite Market Segment
Aerospace, Defense and Government Solutions

- RF and pWave test systems, Cyber security, Process analysis

Vector Network Analysis

Prof. Andrea Ferrero ph.D.
VNA Metrology and Software Principal Engineer
Aerospace, Defense and Government Solutions

- Device characterization, calibration techniques and VNA metrology
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