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Introduction

T Millimetre-wave and THz spectrum actively exploited by applications, e.g. 5G (wireless
backhaul links), connected autonomous vehicles (radar sensors), space-born radiometers
IRU (DUWK UHPRWH VHQVLQJ VHFXULW\ LPDJLQJ«

T Lack of traceability for electrical measurements >100GHz, although measuring instruments
commercially available

T This project aims to establish traceability to the Sl for 3 electrical measurement quantities:
S-parameters , Power, Material properties (complex permittivity), at millimetre-wave and
THz frequencies
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Objectives and workpackages overview

WP1: Traceable connectorised WP2: Traceable planar WP3: Traceable power WP4: Traceable material
S-parameter measurements S-parameter measurements measurements measurements

« Develop new metrology for waveguide « Improve on-wafer measurements to « Extend calorimeters and transfer « Investigate material properties over a
to 1.5THz 1.1 THz standards above 100 GHz wide frequency range (140-750 GHz)

« Establish traceability for E-connector for « Develop new planar calibration/ « Investigate traceability for commercial « Establish traceability for commercial
5G and automotive radars verification standards power meters at THz frequencies material characterisation kits at THz

» Exploit outputs from previous EMRP « Exploit outputs from previous EMPIR frequencies
project SIB62 (HFCircuits) project 14INDO2 (PlanarCal)

L —

WP5: Creating impact
Knowledge transfer: Training: Uptake and exploitation:

« Standards: IEEE P287, IEEE P1785, IECTC46, |IEEE On-wafer Group « 2 workshops delivered at annual European Microwave Week + Exploitation plan for disseminating developed standards and
- =6 journal papers, =8 conference papers, 21 trade journal article - 2 training courses delivered at Project Partner locations customer calibration services

- Public reports on EURAMET comparisons for measurements of - Practical lab demonstrations of new measurement technigques » Comprehensive measurement capability based on outputs from
power and materials using commercial equipment this project and earlier European projects (SI1B62, 14INDO2)

- Technical Advisory Group « Researcher visits at key Project Partner organisations - Est@bli;h ”t” ':(W"th European Microwave Association to increase
project uptake

» Proposal to EURAMET for a coordinated network of EU NMIs




19 Participants: 9 NMils + 5 research institutes + 5 companies

f NPL, CMI, GUM, LNE, METAS, PTB, TUBITAK, VSL, INTI

f Birmingham University, Chalmers University of Technology, Ferdinand-Braun-Institut (FBH),
University of Lille, Military University of Technology in Warsaw

f Anritsu, FormFactor, Keysight, Rohde & Schwarz, VDI
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WP1: Establishing Traceability to 90 GHz for t
1.35 mm Precision Coaxial Connector

IR
TARY:
N

National Physical Laboratory

Nick Ridler, James Skinner and Dan Stokes
National Physical Laboratory, UK

1St TEMMT Training Course (online)staily 2021



Overview AN

1. General Introductiont Nick Ridler(s minutes)

2. Dimensional TraceabilityDan Stokeg15 minutes)

3. Electrical TraceabllityJames SkinnegLs minutes)



1. General Introduction

MWork Package 1 (WP1Description
fThe 1.35 mm Precision Coaxial Connector

iThe Research Team



WP 1t Description

Purpose:To develop traceability and verification
techniques for Parameters

In 2 parts: ’WQ
(1) Coaxial line: 1.35 mm connector to 90 GHz S |

Yo

(i) Waveguide: in 3 bands covering 330 GHzto 1.5°




WP 1t Description m

Purpose:To develop traceability and verification
techniques for Parameters

In 2 parts: ’WQ
(1) Coaxial line: 1.35 mm connector to 90 GHz S |

Yo




1.35 mm Coaxial Connector

1A precision connector (with air interface)

t ~v A_ }vyv tistid@iced in the past few )
years >

Designed for communications and radar related
applications

{Standardised in IEC 61169 (Part 65)
iStandardisation in IEEE Std 287 igomg



1.35 mm Coaxial Connector m

TEMMT

IRecommended frequency range: DC to 90 GHz
fThee v }vv S}EU }E&U ~ }vv S}CE

Hnternal diameter of outer conductor = 1.35 mm




The Research Team m

TEMMT

Consortium of 4 worldeading National Metrology Institutes
(NMIs):

INTI, Argentina LNE, France

de Tecnologia
INTI Industrial

NPL, UK PTB, Germany
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2. Dimensional Traceability

- What is our goal?
- Why Dimensional?

Line diameters and measurements

Challenge of connectors

- Comparison



WHAT ARE WE TRYING TO ACHIEVE?

A simple 1 port network.
&
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Connector Line Connector Termination Line Connector
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MEASUREMENT SETUPS

Outer conductor inner diameter Inner conductor outer diameter

Air Rin Gauge Microscop

[ ¥

Air Plug Gauge
\
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UNCERTAINTY

Outer conductor using air gauging system

Sensitivity Inverse degrees of| Overall,
Description Contribution coeff Distribution Divisor freedom um
Lab temperature 2 °C 1.49E02 Rectangular 1.73 0 0.017
Resolution 0.5 um 0.5 Rectangular 1.73 0 0.14
Parallax error 0.5 um 1 Rectangular 1.73 0 0.29
Probe linearity 0.2 % 0.15 Rectangular 1.73 0 0.017
Meter accuracy 1 % 0.15 Rectangular 1.73 0 0.087
Probe repeatability 0.1 um 1| Gaussian (k =1 1 0.001( 0.1G
Flow adjuster hysteresis 0.519 um 1 Rectangular 1.73 0 0.3C
Std dev of measurements 0.79 um 0.26 Gaussian (k =1 1 0.071 0.2¢
Calibration standard history 0 um 1| Gaussian (k =1 1 0 0
Calibration standard uncertainty 0.8 um 1 Gaussian (k = 2 2 0 0.4C
Total 0.00071 0.6427
1410
Coverage factor 2
Expanded uncertainty 1.2¢
(cft. k=2) 1.2¢
Measured deviations from nominal Std Den
Outer diameter averag 0.50(um  0.7%um  =>1.350!mm +1.2Sum @ k =:




UNCERTAINTY

Inner conductor using laser gauge

Sensitivity Inverse degrees
Description Contribution coeff Distribution Divisor| of freedom | Overall, um
Resolution 0.1um 0.5 Rectangular 1.73 0 0.02¢
Lab temperature 2°C 0.0064 Rectangular 1.73 0 0.0074
Cal standard misalignment 0.05mm 0.033 Rectangular 1.73 0 0.00094
Gauge repeatability 0.1um 1| Gaussian (k = 1) 1 0.001( 0.10
Height error 0.4um 1 Rectangular 1.73 0 0.23
Laser noise 0.2um 1| Gaussian (k = 1) 1 0 0.20
Inner conductor position 0.05mm 0.05¢ Rectangular 1.73 0 0.0017
Calibration standard history Oum 1 Gaussian (k = 1) 1 0 0
Calibration standard uncertainty 0.5um 1 Gaussian (k = 2) 2 0 0.25
Std dev of measurements 0.21um 0.26 Gaussian (k=1 1 0.071 0.055
Total |2.67693ED5 0.4121
37356
Coverage factor 2
Expanded uncertainty 0.82
(ct. k=2) 0.82
Measured deviations from nominal Std Den
Inner diameter averag 0.18um  0.2lum =>0.586zmm < 0.82um @ Kk = ¢




UNCERTAINTY

Characteristic Impedance

< L tsé\/:?(HéD WﬁVHHéZ)

Inverse degrees (
Description Contribution Sensitivity coef| Distribution | Divisor freedom Overall, Ohm
Outer conductor radius 0.642um 0.044 Gaussian (k =1 1 0.00071 0.024
Inner conductor radius 0.4127um 0.14 Gaussian (k =1 1 2.68E05 0.042
Permittivity 0.00007¢ 25 Rectangular 1.73 0 0.001]
Total 8.26E05 0.05]

12117
Coverage factor | 2
Characteristic impedance 50.025 : * 0.102 : @ k=2 Expanded uncertainty | 0.1¢




CONNECTORS

Nonuniformity \

Pin gaps

Cavities

Chamfers/

Connector Connector



MEASUREMENT SETUPS

Micro coordinate measurement machines _
(.CMM) Microscopy

./ 7k
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Electrical Metrology:
Key Challenges



Outline

f Challenges in electrical metrology
0 Sourcing Components
0 Choice of calibration scheme
0 Measurement setup - Interfacing
0 Uncertainty Analysis

f S-parameter Results
f Next Steps for 1.35 mm capability

f Opportunities for 1.35 mm coaxial

OO OE




Establishing Measurement
Capability in 1.35 mm Coaxial




Challenge: Sourcing Components _

f New 1.35 mm connector recently introduced to market

f Gradual uptake, still only a limited number of suppliers selling 1.35 mm
components

f Currently available off the shelf:

Various waveguide to 1.35 mm adaptors

1.85 mm to 1.35 mm coaxial adaptors

1.00 mm to 1.35 mm coaxial adaptors

1.35 mm to 1.35 mm coaxial adaptors (through device)

Calibration Standards: Short Circuits, Open Circuits, 50 Ohm
Loads, Offset Short Circuits

©O O O O O

f Some custom devices available
o Airlines, mismatch adaptors

OO0




Challenge: Choice of Calibration _
Scheme

f Calibration required to take accurate measurement through
correction of errors present in the system

f Quality of calibration proportional to knowledge of calibration
standards

f Choice narrowed by ability to characterise calibration standards



Challenge: Choice of Calibration Scheme _

f TRL zThrough Reflect Line

o Through: Cabled connection
between ports 1 & 2

0 Reflect: Short-circuit standards
(male & female) connected to ports

o0 Line: Section of coaxial line of
NOQORZQ OHQJWK NQRZ(«

o0 Consistent full-band calibration
achieved through choice of airline
lengths

o Multiple airlines typically used.
Effectiveness of line assessed at
each frequency to ensure suitable
standard is available for across
whole of desired frequency band

o Traceability based on calculation of
characteristic impedance of airlines
tderived from diameters of the
iInner and outer conductors of the

coaxial line
DO HOD




Challenge: Choice of Calibration Scheme _

f SOLT xShort Open Load Through

Short: 1-port Short-circuit standard (reflect)

Open: 1-port open-circuit standard (reflect)

Load: 1-port 50 Ohm termination standard (absorb)
Through: Cabled connection between ports 1 & 2

Traceability based measurement of characteristics of
standards, or database of reflection coefficients

O O O O O

OSSO ODEOHOD



Challenge: Choice of Calibration Scheme _

f SOOT z=Multiple Offset Short Through

0 Short: 1-port Short-circuit standard (reflect)

0 Offset short: 1-port Short-circuit standard (reflect) with
offset of known length

Through: Cabled connection between ports 1 & 2
Might have upwards of 5 offset short-circuits
Can also utilise open, load standards

Consistent full-band calibration achieved through
choice of short-circuit offset lengths

0 Traceability based on dimensional characterisation of
offset short-circuits

O O O O

OSSO ODEOHOD



Challenge: Choice of Calibration Scheme INPL =l

f Main factors in decision:
o Avallablility of components

o0 Ability to characterise standards +
dimensional capability

o Compatibility with measurement setup




Challenge: Measurement Setup _

f Equipment required to achieve setup capable of measuring
iIn 1.35 mm coaxial to the full extent of its capability i.e. up
to 90 GHz

f Main limiting factor is access to VNA

0 E-Band not accessible to VNAS with 2.4 mm connector
or larger / only 2 ports

f Single setup for full band / multiple banded setups

OSSO ODEOHOD



Challenge: Measurement Setup
Case 1: 1.0 mm VNA

T VNA: Keysight N5290A PNA Millimeter Wave System

T Port connectors: 1.0 mm £110 GHz upper limit

T Connections: 1.0 mm cables connected to ports 1 & 2

T Adaptors: Rosenberger 1.0 mm (f) to 1.35 mm coaxial
adaptors (m & f)

T Frequency range: Full-Band up to 90 GHz

OO0

B



Challenge: Measurement Setup
Case 2: 1.85 mm VNA

T VNA: Keysight N5274B PNA-X

T Port connectors: 1.85 mm +67 GHz upper limit

T Frequency Extension: VDI Waveguide E-Band Extender
heads - connected to PNA-X ports 1,2,3 & 4

T Adaptors: Rosenberger E-Band Waveguide to 1.35 mm
coaxial adaptors (m & f)

T Frequency range: 60 to 90 GHz (band-limited)

T Additional setup required for measurement below 60 GHz
tusing 1.85 mm to 1.35 mm adaptors

OSSO ODEOHOD




1.35 mm Setup via E -Band
Extender Heads

' 5
gies Iy




1.35 mm Setup via 1.85 mm Coaxial _

1.85 mm Keysight PNA-X

Pair of 1.85 mm to
1.35 mm Coaxial
Adaptors




Other Possible Cases _

f 1.0 mm coaxial extension e.g. Keysight V3050A Signal Analyzer Frequency
Extender

f Waveguide tapers e.g. W-Band Waveguide Extender Heads (75 110 GHz) +
W-Band to E-Band waveguide tapers attached to ports

f $QG PRUH««



Challenge: Uncertainty Analysis

Connector pair interactive region
f Chief contribution:
characterisation of
calibration standards

f Understanding of connector
effects tresonances at high
frequencies caused by
connector pin gaps

f Uncertai nty BUdget Reference Plane
contributions:

OSSO ODEOHOD



Results +Coaxial Setup via 1.85 mm _

Up to 67 GHz

1.35 mm Male Load S11 1.35 mm Female Load S11
0.0 0.0
-10.0 -10.0
-20.0 -20.0
= —
3 2
g o
E-so.o © 300
c x
-V c
g 2
2 -40.0 S -40.0
K] c
%-50.0 2-50.0
o o
-60.0 -60.0
-70.0 -70.0
0 10 20 30 40 50 60 67 0 10 20 50 60 67

30
Frequency (GHz) Frequency (GHz)




Results *Setup via E -Band Extender Heads _
60 to 90 GHz

1.35 mm Male Load S11 1.35 mm Female Load S11
0.0 0.0
-10.0 -10.0
__-20.0 -20.0
2 M
E ©
p T
5—30.0 § -30.0
= =
=-40.0 S -40.0
R] c
g 8
@ 5
%-50.0 = 500
« &
-60.0 -60.0
-70.0 -70.0
60 65 70 75 80 85 90 60 65 70 75 80 85 90
Frequency (GHz) Frequency (GHz)
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Reflection Magnitude (dB)

0.0

-10.0

-20.0

-30.0

-40.0

-50.0

-60.0

-70.0

10

Combined Results

1.35 mm Male Load S11 1.35 mm Female Load S11

0.0
-10.0
-20.0
-30.0
-40.0

-50.0

Reflection Magnitude (dB)

-60.0

-70.0

20 30 60 70 80 90 0 10 20 30

60

40 50 40 50
Frequency (GHz) Frequency (GHz)
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Next Steps N L

f Continue to develop measurement capability

f Dimensional intercomparison between project participants
0 In progress

o0 Measurement of diameters of 1.35 mm airline inner
conductor and outer conductor

f Electrical intercomparison between project participants
0 In progress
o Calibration techniques
0 Methods of standard characterisation
0 Uncertainty analysis

OO0
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Opportunities _

f Provide s-parameter measurement services for 1.35 mm coaxial
f Establish power measurement capability for 1.35 mm power sensors

f Other measurement parameters

OSSO ODEOHOD



Thank You







, Physikalisch-Technische Bundesanstalt
‘,‘ Braunschweig and Berlin
National Metrology Institute

TEMMT-Workshop:

WP 2- Guidelines for the design of calibration substrates,
Including the suppression of parasitic modes, influence of

microwave probes and crosstalk effects up to W-band

Gia Ngoc Phung, Uwe Arz, AG 2.23

PhysikaliscfTechnische Bundesanstalt,

Braunschweig, Germany .




PTB Outline

f Motivation:

f On-Wafer Measurements

f Method of Investigation
f Statement of Problem
f Influence of Microwave Probes

f Propagation and Suppression of Surface Waves
f Summary and Conclusion

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin

National Metrology Institute
17.07.2021 2



Motivation

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 3



PTB On-Wafer Measurements (I)

f Main advantage: Characterization of any Device Under Test (DUT) without the influences of packaging

f Measurement performed with
Ground Signal Ground (GSG) probes

f Measured raw data contains
parasitic effects of

f the neighborhood
f the probes

f measurement instrumentation itself

f How can we obtain the true 3performance of any device ?
f Applying a calibration process to deduct the unwanted effects from the raw data

f Here, multiline Thru Reflect Line (mTRL) calibration applied

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 4



B2 P1B Method of Investigation: EM Simulation

Bridge model Probe model emulating measuring probes
with least parasitics

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 5



PIB

Statement of Problem

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 6



PTB Statement of Problem

f Several problems in on-wafer measurements detected but not clarified

f Focus of the talk:
T Influence of microwave probes

I Influence of surface waves

- align_4
------ thru_2a
—————- thru_2b |
———thru_2a
thru_2b

measurement
0.2

0.3 M“?ﬂ.
ol AM

05! simulation Y]

S, (dB)

'\ -,
N W N
\ -‘\"-\,ﬂ:ﬂﬁt.;;f

0 20 40 60 80 100
Frequency (GHz)

F.JSchmuckleT. Probst, UArz G.N. Phung, Roerner and W. Heinrich,

"DpsSp o /vs E( & v

1v

0] & $]}v >PAutomalitREE §]]

Techniques Group Microwave Measurement Conference (ARFTG) Digest,

Honololy HI, USA, Jun. 2017.

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin
17.07.2021

National Metrology Institute



PIB

Influence of Microwave Probes

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 8



EEP1B Starting Point of Investigation

f Different results of the same DUT measured with

f different probes from different manufacturers

f GGB 0.0-
f Allstron |
0.1
flnflnlty g 1l Measurement
Whichmeasurementshowsthe — 202{ —
. Infinity
true performanceof the DUT,if
any? 0% 20 40 60 8 100
Frequency (GHz)

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 9



=
=
=

PTB Probes from different manufacturers

()

(a) Picoprobe (top view, 100-um pitch), (b) ACP (125-um pitch), (c) Allstron (100-pum pitch), (d) Infinity Probe (125-pum pitch;
all bottom view), and (e) |Z| Probe (125-um pitch).

[3] RumiantsevAndrej and RDoernerX ~"Z& W&} d Zv}o}PC\
No § d}%] eX_ [/ D] E}A A D P58]v id ~T7iiis

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 10



PTB Parasitic Effects : Systematic Study of Influence of Microwave Probes

f Simulation environment remains the same for all the calibration elements and DUTs

f Construction of a probe prototype

f Exaggeration of the probe geometries in order to observe
pronounced effects

f Parametrization of the investigated probe geometries
(length, slant and angle of probe)

f Scaling of the cross-section of the probe Probe 1.1 Probe 2.1

Probe 1.2 Probe 2.2

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 11




FEP1B structure under Probe Region

Structure
underneath
the probe shadow

’

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021




f On metal chuck

f For distance d;, = 200 pm

f Strength of resonance varies with probes

o
T -1.01 on metal chuck
= d = 200 um
(,) n
- Probe 1.1
154 Probe 1.2
Probe 2.1
—— Probe 2.2
'2.0 T T T T T T 1
0 10 20 30 40 50 60 70
Frequency (GHz)
Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

17.07.2021 13



f On metal chuck

f For distance d;, = 400 um

f Strength of resonance varies with probes

0.0+
-0.51
o
T -1.01 on metal chuck
= d = 400 um
(,) n
- Probe 1.1
154 Probe 1.2
Probe 2.1
—— Probe 2.2
'2.0 T T T T T T 1
0 10 20 30 40 50 60 70
Frequency (GHz)
Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

17.07.2021 14



f On metal chuck

f For distance d;,, = 600 um

f Strength of resonance varies with probes

IS,,| (dB)

on metal chuck
d_= 600 pm

Probe 1.1
Probe 1.2
Probe 2.1
——— Probe 2.2

10 20 30 40 650 60 70

Frequency (GHz)

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin

National Metrology Institute



f On metal chuck

f For distance d;, = 800 um

f Strength of resonance varies with probes

o

IS,,| (dB)

on metal chuck
d_ = 800 um

——— Probe 1.1
Probe 1.2
Probe 2.1
—— Probe 2.2

10 20 30 40 50 60 70

Freguency (GHz)

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin

National Metrology Institute



f On metal chuck : eighbor
— )

f For distance d;, = 1000 pm

f Strength of resonance varies with probes

0.0+
_O.S-M

1g

d,, =1000 p

)
T -1.01 on metal chuck
G d_=1000 um
U) n
- ——— Probe 1.1
154 Probe 1.2
Probe 2.1
——— Probe 2.2
‘20 T T T T T T 1
0 10 20 30 40 50 60 70
Ereguency ‘ﬁu;)
Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

17.07.2021 17



B P1B impact of Chuck Material

f Neighbor in probe region: DUT on different chuck material
f Distance d,, varies from 200 till 1400 pm
f The larger the distance, the weaker the resonance.

f Chuck material influences the strength of the resonance

0.0

Probe 2.1 0.0 Probe 2.1
on metal chuck on ceramic chuck
-0.5 0.5
S -10] S -101
v o
Displacement d 800 um Displacementd . __ gog ym
-1.59] —— 200 pm —— 1000 um -1.54 —— 200 um — 1000 pm
—— 400 um 1200 pm —— 400pum 1200 pm
—— 600 pm —— 1400 pm —— 600 um —— 1400 pm
'2.0 T T T T T T 1 -2-0 T T T T T T 1
0O 10 20 30 40 50 60 70 0O 10 20 30 40 650 60 70
Frequency (GHz) Frequency (GHz)

[S,,I(dB)

0.0+

Probe 2.1
on same chuck
-0.5 1
-1.0
Displacementd 800 pm
-1.59| =—— 200 um —— 1000 pm
—— 400 pym 1200 pm
—— 600 um —— 1400 pm
'2.0 T T T T T T 1
0 10 20 30 40 50 60 70

Frequency (GHz)

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin
17.07.2021 18
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Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
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E2P1B simulation of Layout Design

Simulation of complete wafer with different excitations

f Smooth curve behavior with simplified bridge model
f Bridge model is too ideal to describe reality

f Resonant effects with probe simulation

Simulation with probe model

Simulation with bridge model 0.0
0.0
==
-0.1 T
-0.2
% —— Reference Structure E —— Reference Structure
= -0.3{ — d=100um =03 — d=100um
- —— d =200 um o) —— d =200 um
-0.4/ — d =300 um -0.4| — d=300um \
— d =400 um —— d =400 gm V
-0.5{ — d =700 um -0.5| — d =700 um
d =1000 um d =1000 um
-0.6 -0.6
0 20 40 60 80 100 0 20 40 60 80 100
Frequency (GHz) Frequency (GHz)
Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

17.07.2021 20



PTB Measurement Results

f Probes from different manufacturers show different shape and deviations
at the peak, due to the different probe geometries as predicted in
simulations.

0.0 Measurements with Cascade Infinity probe Measurements with GGB probe

0.0
-0.1 -0.1
-0.2 -~=-0.2 —
o —— Reference Structure m Reference-Structure
o _ - —— d =100 um
- — d =100 um -
—-0.3 —=-0.3; d =200 um
l;":.' — d =200 um mﬂ
~—0.4 — d=300um —-0.4 d =300 ym
—— d =400 um —— d =400 um
-0.5 —— d=700pum —-0.5. —— d=700pum
— d =1000 um _ d =1000 um
-0.6 -0.6
0 20 40 60 80 100 0 20 40 60 80 100
Frequency (GHz) Frequency (GHz)
Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute

17.07.2021 21



EPTB

f Keep the sensitive regions of the probe shadow
free of structures to avoid probe coupling to
neighboring structure !!!

Probe shadow

OO

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 22




PIB

fInfluence of Surface Waves

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 23



PTB Parasitic Effects : Influence of Surface Waves ()

Propagatiorof surfacewavesin

multilayeredstackupdueto H> H Calibrationsubstrate wafer
H=9.9

‘.Eiﬁf—i@ﬁﬁﬁ?ﬁﬁﬁi

Ceramiachuck

HA OY O
A CETORIATLA Tl il AN 2 A TR VA T R el Jia .
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A
Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
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PTB Influence of Chuchi Permittivity
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EEP1B Design Guideline: Surface \Waves

Guideline 1: Use a thin substrate or one with low
dielectric constant £Shifts the cutoff frequency of the
surface waves upwards

Or

Guideline 2: Use a chuck with the same dielectric constant
as the wafer or above

M IF,IsubstrateOr L W IF,Lubstrate

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
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PIB

fValidation of the Design Guideline for Surface
Waves by Measurements

Physikalisch-Technische Bundesanstalt ® Braunschweig and Berlin National Metrology Institute
17.07.2021 27



Design Guidelines for Chuck Boundar_y Conditions

Use a chuck with a dielectric
constant similar or higher than
that of the substrate

o W IF,Isubstrateor H..o IF,Isubstrate

Substrate Hubstrate

Ceramic ﬂhuck

M. Spirito, UArz, G. N. Phung, F.SchmiickleW.Heinrich,andR.

LozatU "'u] o]Jv ¢ (}E& §Z «]Pv }( o] & §]}v ~
the Suppression of Parasitic Modes for Frequencies up to and

Jv ou JvP i1d ', 1U_ D W PBEnadI42018 Physikalisch
TechnischéBundesanstal{PTB), 2018.

Fusedsilicasubstrater 3.78 Aluminasubstrater= 9.7
Ceramiachuck HA 0 YO Ceramicchuck HA 0 Y 6
No surface wave expected Surface wave expected

17.07.2021 28
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PTB Impact of Surface Waves

f Selected DUT | = 11400 pm to avoid probe coupling btw. the needles
f Fused silica: smoother transmission behavior
f Alumina substrate: more peculiarities and a strong resonance near 160 GHz.

National Metrology Institute
17.07.2021 29



PTB Impact of Surface Waves

Fusedsilicasubstrater= 3.78

Lesgparasitics

Aluminasubstrater= 9.7

- Excitation of surface waves
- Coupling to neighboring lines
and excitation of theslotline mades there

17.07.2021

National Metrology Institute
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PTB Impact of Surface Waves

A Smooth curve behavior for fused silica case

Verification of the
guideline for surface
waves

National Metrology Institute
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PIB

Summary and Conclusion

National Metrology Institute



EEP1B Summary of Guidelines

f Guideline: Influence of Microwave Probes

f Keep the sensitive regions under the probe free of
structures

OO

National Metrology Institute
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EEP1B Summary of Guidelines

f Guideline: Influence of Surface Waves

f Use a thin wafer or one with low dielectric constant to shift the cut-off frequency
of the surface waves upwards

f Use a chuck with the same dielectric constant as the wafer or above
e Ir_,Lubstrate or H.. Ir_,lsubstrate

=i§§§§§é§§§§i

National Metrology Institute
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Outline

f Motivation: RF power
f Measurement principles

f Direct comparison

f Microcalorimeter
f Measurement Results at D-Band
f Summary and Conclusion
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Motivation
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Motivation

RF base quantities
/& poweD>

f RF impedance

f RF attenuation

f RF voltage

18.07.2021




RF Power Measurement

f Usually two requirements:
f Power sensor (detector)

f Power meter (base unit)
Diode Thermoelectric | Thermistor

Sensitivity High Medium Low
Speed High Medium Low
Linearity Low High High
Dynamic range High Medium Low
Traceability Not suitable Medium Good

Importance for Industry

18.07.2021 5



Calibration Method

18.07.2021 6



Microcalorimeter (I)

H +H+ H+ +H H

Symmetrical set-up

Rect. waveguide or coaxial
High thermal stability

Large thermal time constant
Nominal power: 1to 10 mW

Example
R900

18.07.2021
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Microcalorimeter (Il)

18.07.2021 8



Measurement Quantities

Effective efficiency

T

Thermistor

Calibration factor

18.07.2021 9



Direct Comparison Method

Sensor calibration by direct comparison method

Needed:

Calibrated transfer sensor
= with low uncertainties.

Traceable to Sl

18.07.2021 10



Uncertainty in the Frequency Bands

Frequency ranges

Microcalorimeter

Direct comparison

10 MHz - 8 GHz
8 GHz - 18 GHz
18 GHz - 26.5 GHz

26.5 GHz - 40 GHz

33 GHz - 50 GHz

50 GHz - 75 GHz
75 GHz - 110 GHz

Measurement time:

Microcalorimeter: appr. 18 h per frequency point
Direct comparison: appr. 2 h per frequency point

0.002 (coaxial)
0.003 (coaxial)
0.002 (waveguide)

0.0032 (waveguide)

0.008 - 0.016 (waveguide)

0.012 - 0.019 (waveguide)
0.016 - 0.026 (waveguide)

0.003 - 0.004 (coaxial)
0.005 - 0.007 (coaxial)

0.013 (coaxial)
0.007 (waveguide)

0.018 *0.020 (coaxial)
0.009 (waveguide)

0.015 - 0.018 (coaxial)
0.012 (waveguide)

0.016 (waveguide)
0.020 (waveguide)

Longemeasurementime but
better uncertainty

18.07.2021
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Measurement Results at D-Band

18.07.2021 13



Current Status of Power Sensors

f Current Status
f Use of thermistors for calibration in general

f Commercial thermistor sensors
(Hewlett Packard, Hughes, Millitech)
from the 1980s:

f poor input match
f limited bandwidth
f leakage

f scarce

f Development of novel power transfer started at Rohde & Schwarz
(R&S) supported by PTB around 2010

18.07.2021 14



Generalized Efficiency

f Due to lack of thermistor sensors at D-Band
f ADevelopment of a sensor is required

f AELst prototype of thermoelectric D-band power transfer
standard designed, manufactured and characterized

f Characterization of thermoelectric power sensors
f Antroduction of generalized efficiency

18.07.2021 15



R1400 Waveguide Calorimeter

f R1400 waveguide calorimeter

18.07.2021 16



R&S Thermoelectric Power Sensors

—

18.07.2021 17



Connection of the R&S Sensor

Cable  Connector

DC+ 7 Yellow Yellow
oSense+ 4 Purple Yellow

RF
RFPower Resist

o Sense 5 Purple Yellow
DC 6 Yellow Yellow
Viewto the Jack
2 Red Red of the Sensor
Thermopile
o 3 Black Black

@ ©

® o

®
®

O
©
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Generalized Sensor Efficiency (1)

f Generalized Sensor Efficiency :

f Figure of merit used to characterize
the RF or thermal performance
of thermoelectric power sensors

f Based on four steps
f Linearity Measurement of Thermopile
f Multiple Offset Short Measurements
f Averaging P, from the Short Measurements

f Calculation of Generalized Sensor Efficiency

LinearityMeasurement
of Thermopile

Multiple Offset Short
Measurements

AveragingPavgfrom the
ShortMeasurements

Generalized Sensor
Efficiency

18.07.2021 19




Generalized Sensor Efficiency (1)

f Linearity Measurement of Thermopile _
f Measurement of DC Voltage
f Measurement of DC thermal voltage Multiple Offset Short
Measurements

f Measurement of DC resistance

AveragingPavgfrom the
ShortMeasurements

Generalized Sensor
Efficiency

Heating coefficient

18.07.2021 20



Multiple Offset Short Measurements (I)

f Procedure: Determination of feeding line losses LinearityMeasurement
f Finally, the losses P, can be calculated. of Thermopile

Generalized Sensor
Efficiency

18.07.2021 21



Principle of Generalized Sensor Efficiency (1)

f The generalized efficiency LinearityMeasurement

of Thermopile

Multiple Offset Short
Measurements

AveragingPavgfrom the
ShortMeasurements

18.07.2021 22



Principle of Generalized Sensor Efficiency (ll)

Linearity Measurement
of Thermopile

Multiple Offset Short
Measurements

AveragingPavgfrom the
ShortMeasurements
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Principle of Generalized Sensor Efficiency (ll)

Linearity Measurement
of Thermopile

Multiple Offset Short
Measurements

AveragingPavgfrom the
ShortMeasurements
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