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N E E D  F O R  M I L L I M E T E R  WAV E  C O M P O N E N T  C H A R A C T E R I Z AT I O N

Aerospace Defense
Industry

Commercial Industry

Automotive radar

Millimeter Wave imaging

Wireless backhaul

Radar/EW

802.11 AD
Wireless HDMI

Secure communication system
Next Gen wireless communications 
“5G”

Courtesy www.NIST.gov 

60-90 GHz

71-76  & 81-86 GHz

77 GHz & 120 GHz

35 GHz to 325 GHz

44 GHz to 93 GHz

12 -18 GHz & 26-40 GHz 
94 GHz to 650 GHz
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• Millimeter wave components are underlying building blocks of systems in:

• Automotive radars

• Wireless 5G communication solutions

• Imaging & Materials applications

• Device characterization and validation of millimeter wave components

• Millimeter wave couplers & filters – Front - end Tx/Rx

• Mixers (Fundamental, Harmonic and differential)  - Receivers and upconverters 

• Millimeter wave  amplifiers - Transmitters 

• Millimeter wave sources - Transmitters

• Magnitude and phase information crucial for simulation during design stage

• Ensure devices meet specifications during manufacturing

N E E D  F O R  M I L L I M E T E R  WAV E  C O M P O N E N T  C H A R A C T E R I Z AT I O N

Millimeter Wave Application Space
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Typical Millimeter Wave System Implementation

Device under test

Vector Network Analyzer

Millimeter Wave Test  Set controller

Frequency

Extenders

Frequency

Extenders

Frequency

Extenders

Frequency

Extenders

Network Analyzer

Test Set Controller

Frequency Extenders

Network Analyzer  is the measurement 

engine

Required Test Set Controller interfaces to 

modules

Frequency Extenders provide frequency 

conversion and signal coupling

D I S T R I B U T E D  S Y S T E M  A R C H I T E C T U R E  
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• Bring the measurement to the device

• Stable system architecture

• Sufficient power to get desired compression 

behavior

• Accurately control the phase of the stimulus 

• Fully corrected and traceable measurements 

with uncertainty

D I S T R I B U T E D  A R C H I T E C T U R E  - B A S E D  M E A S U R E M E N T  R E Q U I R E M E N T S  

Millimeter Vector Network Analyzer Architecture
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A C H I E V I N G  M I L L I M E T E R  WAV E  F R E Q U E N C Y  C O V E R A G E

Challenges of Distributed Architectures

Keysight Implementation of Broadband Frequency Coverage 

   Wideband G-Cell Receiver

Broadband Combiner/Coupler

DC-130GHz

64-134GHz Amplifier Multiplier Chain

24- 40 GHz Amplifier Multiplier Chain

LFE Bias Combiner 

& Bias Tee

0.01-24GHz

LO 

TEST IF 

OUT

Low Frequency Input

500 Hz to 100 MHz

LO IN: 0.10- 26.5GHz

REF IF 

OUT
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TEST PORT

RF IN: 0.10- 26.5GHz

Bias Force Input 

50V 1A

24 - 40GHz

Amplifier 

Switch

32-67GHz  Amplifier Multiplier Chain 
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Amplifier Switch / 

Combiner 

6
4

 –
 1

3
0

 G
H

z

500 Hz – 67 GHz



9

A D D I N G  L O W  F R E Q U E N C Y  T O  M I L L I M E T E R  WAV E  V N A

Challenges of Distributed Architectures

Keysight Implementation of low frequency coverage 500 Hz – 100 MHz

Standard

source

10 MHz –

26.5/67 GHz

Pulse

modulator

AR1

Test port

AꞌR1ꞌ

External bias

LFE Input

LFE Source / Receiver Module
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• Provide Kelvin bias at the DUT

• Limited ground loops.

• Low leakage typically less than 400 pA is desirable

A C T I V E  D E V I C E  C H A R A C T E R I Z AT I O N  

Challenges of Distributed Architectures

LEMO Sense Connector

BNC Force Connector

Mag (Ids ) v.s. 

Mag (Vgs) 
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C O M PA C T  P R O B E  S TAT I O N  I N T E G R AT I O N  V S  T H E R M A L  S TA B I L I T Y

Probe Positioner with fully X-Y-Z control 

Current Industry Capability

Current Industry Capability

Trade off size 

versus stability
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M I L L I M E T E R  WAV E  C A L I B R AT I O N  C H A L L E N G E S

Broadband Millimeter Wave System Calibration

• Wide frequency coverage 500 Hz to 125 GHz

• Broadband Load

• Closed form polynomial models are limited 

• Inductance short model

• Capacitance open model

• Load match and delay

• Traditional SOLT Methods of error extraction limited

• Limited Smith Chart Coverage
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• Key features of a Millimeter Wave Coaxial calibration kits

• Eliminates need for broadband load

• Implementation of multiple shorts to cover frequency range

• Devices are characterized using a database model

• Method of calibration is enhanced least squares fit

D ATA B A S E D  O F F S E T  S H O R T  C A L I B R AT I O N
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• Use of standard connectors versus frequency coverage

• Standards compliant connectors imply ease of traceability

• Traceable 1.0 mm calibration through 1.0 mm calibration kit devices

M A I N TA I N  T R A C E A B I L I T Y  A N D  U N C E R TA I N T Y  

Broadband

Keysight IEEE 287-2007 

compliant 1.0 mm Connector
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• Supported Calibration Methods

• SOLT Short Open Load Thru

• SOLR Short Open Load Reciprocal

• LRM Line Reflect Match

• LRRM Line Reflect Reflect Match

• TRL Thru Reflect Line

• Special requirements > 50 GHz

• Microwave absorbing ISS holder reduces unwanted mismatch

• Ideal Calibration applications LRRM, LRM & SOL-R calibrations

• ISS enhanced for CPW transmission mode – thinned to 10 mils

O N - WA F E R  C A L I B R AT I O N  S TA N D A R D S

Broadband Millimeter Wave System Calibration
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Traditional methods

• Utilize multiple sensors to cover frequency range

• Typically waveguide sensors 

• Coaxial Sensors limited to diode based detection

Broadband Power sensor technology

• Thermal based technology

• Easily expanded to 120 GHz using Calorimeter 

characterization

M I L L I M E T E R  WAV E  R E C E I V E R  P O W E R  C A L I B R AT I O N

Broadband

1.0 mm DC-120 GHz Power Sensor

V & W Band Power Sensors
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• Measurement System Capability

• Accurate S-Parameter Calibration

• Dynamic range

• Noise floor / isolation

• Trace noise 

• Measurement Requirements

• Filter Bandwidth

• Filter rejection

• Match in passband

R E C E I V E R  9 3  G H Z  B A N D PA S S  F I LT E R  C H A R A C T E R I S T I C S  

Passive Device Characterization
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9 3  G H Z  B A N D - PA S S  F I LT E R  M E A S U R E M E N T  R E S U LT S

Passive Device Characterization

BW~2.05 Ghz

Isolation 

-76 dB 

Isolation 

-96 dB 

Typical Instrument Dynamic range  -120 dB

Typical Instrument Port power +6 dBm 

Typical Instrument Noise floor -114 dBm 

Filter Match  -18 dB

Wort Case 

corrected error 

0.03dB
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Measurement Requirements

• Filter 3dB roll-off

• Low  frequency rejection

• Match in Passband

Measurement System Capability

• Accurate S-Parameter Calibration

• Dynamic range

• Noise floor / isolation

• Trace noise 

H I G H - PA S S  F I LT E R  
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H I G H - PA S S  F I LT E R  3  D B  B A N D W I D T H

Passive Device Characterization

3 dB roll-off 63.517 GHz 

Isolation / Rejection -116 dB 

- 25 dB Passband Match

Passband of 61.483 GHz 
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• Input Match

• Gain

• Output Match 

• Reverse Isolation

• Compression

• Total Harmonic distortion

• Low Frequency performance 

A M P L I F I E R  P E R F O R M A N C E  S P E C I F I C AT I O N S  

Millimeter Wave Amplifier Characterization
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A M P L I F I E R  L I N E A R  P E R F O R M A N C E  S P E C I F I C AT I O N S  

Gain ~ 10 dB to 5 dB slope
Input  levelled  Power @  -10 dBm

Output Power  0 to -5 dBm Input Match -20 dB to -15 dB

Output Match -18 dB Reverse Isolation -40 dB to -60 dB
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• Requires accurate characterization of Power

• Accurate measurement of the Power

• Source power sweep vs Frequency

A M P L I F I E R  1 D B  C O M P R E S S I O N  P E R F O R M A N C E  

Millimeter Wave Amplifier Characterization
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A M P L I F I E R  1 D B  C O M P R E S S I O N  P E R F O R M A N C E  

Linear Gain ~ 10 dB to 5 dB slope Input Power @ 1 dBm Compression ~ -0.5 dBm

Output Power @1 dBm Compression 

~ 9 dBm to 3 dBm slope Change in Gain @ Compression ~ 1 dB

Input Match @ Compression ~ 15 dB

Gain @1 dB Compression ~ 

9 dB to 3 dB slope
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A M P L I F I E R  H A R M O N I C  C H A R A C T E R I S T I C S

Millimeter Wave Amplifier Characterization

Input signal @ 30 GHz ~ - 6 dBm

Output  signal @ 30 GHz ~ + 4 dBm

2nd Harmonic ~ - 50 dBm

3rd Harmonic ~ - 67 dBm

4th Harmonic ~ - 86 dBm

Noise floor limited

2nd Harmonic ~ - 28 dBm
3rd Harmonic ~ - 36 dBm

4th Harmonic ~ - 46 dBm
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V E R I F Y I N G  H A R M O N I C  C H A R A C T E R I S T I C S  A D D  1 0  D B  AT T E N U AT I O N   

Instrument Receiver Compression is  0 dBm  @ 30 GHz  

Output  signal @ 30 GHz ~  - 6 dBm

2nd Harmonic ~ - 34 dBm
3rd Harmonic ~ - 43 dBm

4th Harmonic ~ - 59 dBm

Input signal @ 30 GHz ~ - 6 dBm

2nd Harmonic ~ - 50 dBm

3rd Harmonic ~ - 67 dBm

4th Harmonic ~ - 86 dBm

Noise floor limited

Millimeter Wave Amplifier Characterization
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• Utilizes the ability to set  sources and tune 

receivers independently on a VNA

A U N I Q U E  A P P L I C AT I O N  F O R  T O TA L  H A R M O N I C  D I S T O R T I O N  M E A S U R E M E N T

Millimeter Wave Amplifier Characterization
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P O W E R  A M P L I F I E R  T O TA L  H A R M O N I C  D I S T O R T I O N

THD  @ 2.89%

Fund  Power 5.19 dBm

2nd Harmonic Power -26.5 dBm

3rf Harmonic Power -33.09 dBm

4th Harmonic Power -44.15 dBm

Input  Power 0.19 dBm

Frequency Output Power (dBm) Watts 

Fund 30 5.19 3.30E-03

H2 60 -26.52 2.23E-06

H3 90 -33.09 4.91E-07

H4 120 -44.15 3.85E-08

Total Harmonic Distortion 2.89E+00
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L O W  F R E Q U E N C Y  P E R F O R M A N C E  C H A R A C T E R I Z AT I O N

Millimeter Wave Amplifier Characterization

Low Frequency Gain Utilizing Log 

Frequency sweep 500 Hz to 4 GHz with 22 

dB Gain

Input Match  Utilizing log Frequency 

sweep -21 to -35 dB 

Isolation Utilizing log Frequency 

sweep  -31 dB 

Output Match log Frequency 

sweep  -23 dB 
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D I F F E R E N T I A L  A M P L I F I E R  C H A R A C T E R I Z AT I O N

Millimeter Wave Amplifier Characterization
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D I F F E R E N T I A L  A M P L I F I E R  C H A R A C T E R I Z AT I O N

Millimeter Wave Amplifier Characterization

Differential Input Match -31 dB Differential Output Match -18.5 dB

Differential Gain ~ 4 dB

Differential Isolation -37.84 dB
Input Power +ve Port -5 dBm

Input Power -ve Port - 5 dBm

Output Power +ve Port -1 dBm Output Power –ve Port -1 dBm
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• Receiver Gain and Match

• Receiver Gain Compression

• Receiver IF Bandwidth Performance

• Receiver LO Harmonics

E - B A N D  R E C E I V E R  C H A R A C T E R I Z AT I O N
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R E C E I V E R  G A I N  A N D  M AT C H  P E R F O R M A N C E

RF Input Frequency:

60 GHz to 90 GHz

-20 dBm Received Power

LO Input Frequencies

• 58 - 88 GHz Fundamental

• -10 dBm LO Power

2 GHz Base Band Frequencies

E-Band Receiver Characterization
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R E C E I V E R  G A I N  A N D  M AT C H  P E R F O R M A N C E

E-Band Receiver Characterization
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R E C E I V E R  G A I N  A N D  M AT C H  P E R F O R M A N C E

E-Band Receiver Characterization

Conversion Gain 4.5 dB RF Input Power -20 dBm

Receiver Input Match -14.78 dB RF Output Match -5.58 dB
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E-Band Receiver Characterization
R E C E I V E R  G A I N  C O M P R E S S I O N

RF Input Frequency:

60 GHz to 90 GHz

-50 dBm to +5 Received Power

LO Input Frequencies

• 58 - 88 GHz Fundamental

• -10 dBm LO Power

2 GHz Base Band Frequencies
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R E C E I V E R  G A I N  C O M P R E S S I O N
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R E C E I V E R  G A I N  C O M P R E S S I O N

E-Band Receiver Characterization
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R E C E I V E R  G A I N  C O M P R E S S I O N

Converter Gain @ 1 dB Compression 3.68 dB

Change in Conversion Gain -0.85 dB

Input Match @ 1 dB Compression -18 dB

Linear Conversion Gain 4.53 dB

Input Power @ 1 dB Compression -5.86 dBm Output Power @ 1 dB Compression -3.38 dBm
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R E C E I V E R  I F  B A N D W I D T H  P E R F O R M A N C E

RF Input Frequency:

Fixed 77 GHz 

-20 dBm Received 

Power

LO Input Frequencies

Swept 76.99 - 72 GHz

Power -10 dBm LO Power

10 MHz – 5 GHz Base Band 

Frequency
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R E C E I V E R  I F  B A N D W I D T H  P E R F O R M A N C E
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R E C E I V E R  I F  B A N D W I D T H  P E R F O R M A N C E

Input Match -10.19 dB over IF Frequency RF Input Power -20 dBm 

IF Output Power -2 dBm to -13 dBm

IF Output Match -9.19 dB over IF Frequency

Conversion Gain 6.68 dB over IF Frequency

E-Band Receiver Characterization
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R E C E I V E R  L O  H A R M O N I C S  I M PA C T

RF Input Frequency (F1)

71 GHz to 76 GHz

-20 dBm Received Power

LO Input Frequencies

• 70 - 75 GHz Fundamental  (F5)

• 69 - 74 GHz  (F6)

• 68 - 73GHz  (F7)

• -10 dBm LO Power

Base Band Frequencies

• 1 GHz Fundamental (F2)

• 2 GHz (F3)

• 3 GHz  (F4)
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R E C E I V E R  H A R M O N I C  – V N A F R E Q U E N C Y  C O N F I G U R AT I O N

LO Input FrequenciesRF & IF Input/ Measurement Frequencies

Port 1 Port 2

Port 3
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D E F I N E  M E A S U R E M E N T S

Customizable in Footer
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L O  H A R M O N I C S  A N D  L E A K A G E

Customizable in Footer

Input Power at Fund. = -19.71 dBm

Output Power @ Fund = -9.73 dBm Conversion @ Fund. = 10.39 dB

LO - RF Leakage = -59.81 dB

LO- IF Leakage = -86.6 dB

LO Leakage at 2 and 3 GHz offsets -87 dBm

Conversion @ Fund  9.96 dB

Conversion @ 2nd Harmonic -38.47 dB

Conversion @ 3rd Harmonic – 56.55 dB

LO Leakage at fund -16.92 dBm 
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R E C E I V E R  L O  L E A K A G E  – C L O S E R  L O O K

Customizable in Footer

Port 1 Port 2

Port 3

RF Input Frequency (F1)

71 GHz to 76 GHz

-20 dBm Received Power

LO Input Frequencies

• 70 - 75 GHz Fundamental  (F5)

• 69 - 74 GHz  (F6)

• 68 - 73GHz  (F7)

• LO Power set at -10 dBm

Conversion @ Fund  9.96 dBm

Conversion @ 2nd Harmonic -38.47 dBm

Conversion @ 3rd Harmonic – 56.55 dBm

LO Leakage at 2 and 3 GHz offsets -87 dBm

LO Leakage at fund -16.92 dBm 



52

R E C E I V E R  L O  H A R M O N I C  L E A K A G E  S P E C T R U M  A N A LY S I S

Receiver Harmonic Characterization

IF  Fundamental  

@ 1GHz  -15.5 dBm 

IF 2nd Harmonic

@ 2 GHz  -69.37 dBm 

LO Feed thru & Mixing products
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• Clearly a big drive for utilization of Millimeter 

wave frequencies

• Millimeter Vector Network Analyzer architecture 

is key to support characterization of the 

components

• Capability to fully calibrate impedance and 

power

• Software applications key to make 

measurements simple 

• Passive Filter Characterization

• Amplifier Characterization 

• Receiver Characterization

C O N C L U S I O N S
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Thank you!

Suren Singh

Millimeter Wave Applications Expert

Keysight Technologies




