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Review of the iNEMIproject objectives and goals 
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5G/mmWaveMaterials Assessment & Characterization
Motivation:

Â 5G Solutions require ultra - low loss laminate materials and 
PCBs/substrates for efficient design of 5G communications equipment

Â The existing transmission loss or Df /Dk measurement methodology lacks 
consistency, especially for higher frequency measurements (such as 30 -
100GHz)

Â Many different test methods currently in the industry, require different 
fixtures and test methods/sample preparation/data analysis/extraction

Â Industry needs standardized measurement methods and reference 
materials 

Objective:

Â Develop consistent Df /Dk measurement methodologies for characterizing 
ultra low loss laminate materials in the range of 30 ï100GHz 

Â Provide guidelines and best practices to the industry

Strategy/Approach:

Â Benchmark existing measurement methodologies and reference materials

Â Develop guideline of standardized method of Dk, Df measurement based 
on round robin testing

Â Propose ñstandardò test coupons for industry wide application (Phase 2)



5

Industry Collaboration Brought Together by iNEMI

Approach for Solving Problem:
ÅBring together Cross - functional team spanning industry Value Chain
Å iNEMI Project team members cover wide range of industry, academia and equipment suppliers

Deliverable:
ÅDevelop a guideline/best practice for a standardized measurement and test methodology that can be 

shared with industry and relevant standards organizations

Project Team

Å 3M 

Å AGC-Nelco

Å Ajinomoto USA

Å AT&S

Å Centro Ricerche FIAT-FCA

Å Dell

Å Dupont

Å EMD Electronics (Co -Chair)

Å Flex

Å Mosaic Microsystems

Å NIST

Å Nokia

Å Panasonic

Å QWED

Å Shengyi Technology Company 

Å Sheldahl

Å Unimicron Technology Corp

Å Zestron

Å Georgia Tech

Å Showa Denko Materials 

Å IBIDEN Co Ltd

Å IBM

Å Intel

Å Isola 

Å ITRI (Co -Chair)

Å Keysight (Co -Chair)

Å MacDermid -Alpha
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iNEMI5G Project Team ςSpanning across Supply Chain

* - SIA ïBeyond Borders

Georgia Tech
NIST
ITRI
CFT

3M
Ajinomoto
AGC-Nelco
Dupont
EMD

OEM

Dell
Intel
IBM
Nokia

Isola
McDermid Alpha
Mosaic Microsystems
Panasonic
Sheldahl
Showa Denko
Zestron

AT&S
Ibiden
Unimicron
Shengyi
Electric

Keysight
QWED



7

iNEMI5G Materials Project Members
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Å Gather industry experts to understand needs and address these problems
Å Development of traceable material references by standards organizations
Å Linkage between end - to -end supply chain: materials suppliers, equipment manufacturers and 

end users

Task 1

Benchmark
Å Current techniques
Å Typical material samples
Å Potential reference 

materials
Å Common practices & issues

Report complete

Task 2

Benchmark
Å Emerging techniques
Å Possibilities beyond 

100GHz

Report complete

Task 3

Round Robin Tests
Å Create reference samples
Å Test metrology differences
Å Study lab to lab variations

Report complete

Project Goals

Reports can be downloaded from project site, using iNEMI login
https://www.inemi.org/5g -mat -assessment

Task 4

Extension to advanced 
substrate materials
- Commercial material 
testing

Report complete

https://www.inemi.org/5g-mat-assessment
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Task 1 Report Oct 2021

Benchmarking Available Measurement Methods
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Task 1: Benchmark Current Measurement Techniques

Å Each new material for mmWave 5G 
applications requires careful 
consideration to determine the best 
measurement methodology, fixture, 
sample fabrication and test instrument. 

Å There are dozens of different 
methodologies that could be used, but 
which to choose is often not obvious.

Å iNEMI Report  focuses on the following 
resonator based measurement 
techniques: split -post dielectric 
resonator (SPDR), split cylinder 
resonator (SCR), balanced circular disk 
resonator (BCDR), and Fabry -Perot 
open resonator (FPOR). 

Map of available techniques 
vs Frequency
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Task 1: Current Industry Best Practices for Low Loss Measurements
Resonator-based measurement

Split -post 
dielectric 
resonator 
(SPDR)

Split cylinder 
resonator (SCR)

Balanced - type 
circular disk 
resonator 
(BCDR)

Fabry -Perot open 
resonator (FPOR, 
also called open -
cavity)

Discrete frequency 
points from 1 GHz up to 
15 GHz

Discrete frequency 
points from 10 GHz up 
to 80 GHz

Multiple discrete 
frequencies from 10 
GHz up to 120 GHz

Discrete frequencies 
between 20 GHz up to 
110 GHz



12

SPDR

Å High measurement precision

Å Easy to use

Å Insensitive to many user errors

Å In-plane component of permittivity  (typically)

Å Typically extrapolated to 5G mmWaves

Å Typical sample thicknesses less than 1 mm

Å IEC 61189-2-721:2015

Å https://www.qwed.com.pl/resonators_spdr.html

Å https://www.keysight.com/us/en/assets/7018-
01416/application-notes/5989-5384.pdf

SCR

Å High measurement precision

Å Can be sensitive to user errors

Å Typically interpolated to 5G mmWaves

Å In-plane component of permittivity (typically)

Å Typical sample thicknesses around 100 um

Å Support temperature sweep measurement

Å IPC-TM-650 2.5.5.13

Å https://www.keysight.com/us/en/assets/7018-
06384/brochures/5992-3438.pdf

Task 1: Current Industry Best Practices for Low Loss Measurements

Resonator-based measurement

https://www.qwed.com.pl/resonators_spdr.html
https://www.keysight.com/us/en/assets/7018-01416/application-notes/5989-5384.pdf
https://www.keysight.com/us/en/assets/7018-06384/brochures/5992-3438.pdf
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BCDR

Å High measurement precision

Å Requires full 2-port calibration (mechanical to 110 GHz or 
electrical to 67 GHz)

Å Out-of-plane component of permittivity (typically)

Å Typical sample thicknesses less than 1 mm

Å IEC 63185

Å https://www.keysight.com/us/en/assets/7120-
1214/flyers/N1501AE11-67-Balanced-Type-Circular-Disk-
Resonator-BCDR.pdf

FPOR

Å High measurement precision

Å Can be sensitive to user errors

Å Uncertainty increases with increasing frequency

Å In-plane component of permittivity (typically)

Å JIS R1660-2

Å https://www.qwed.com.pl/resonators.html#ResonatorFPOR

Å https://www.keysight.com/main/editorial.jspx?cc=US&lc=en
g&ckey=2276755&nid=null&id=2276755

Task 1: Current Industry Best Practices for Low Loss Measurements

Resonator-based measurement

https://www.keysight.com/us/en/assets/7120-1214/flyers/N1501AE11-67-Balanced-Type-Circular-Disk-Resonator-BCDR.pdf
https://www.qwed.com.pl/resonators.html#ResonatorFPOR
https://www.keysight.com/main/editorial.jspx?cc=US&lc=eng&ckey=2276755&nid=null&id=2276755
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Task 2 Report Nov 2021

Benchmarking EMERGING Measurement Methods
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Task 2: Emerging Measurement and Characterization Methods

Wafer-Level MeasurementsandTime Domain Techniques

Microstrip ring resonator (MRR) and coplanar 
waveguide (CPW) methods

Time domain spectroscopy
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Task 2 Key Takeaway
ÅMultiple different resonator-based measurement techniques exist

ÅTechniques are based on complex physics and require careful sample 
ǇǊŜǇŀǊŀǘƛƻƴ ŀƴŘ ŀǘǘŜƴǘƛƻƴ ǘƻ άǎǘŀƴŘŀǊŘ ƻǇŜǊŀǘƛƴƎ ǇǊƻŎŜŘǳǊŜǎέΣ ƛƴŎƭǳŘƛƴƎΣ ōǳǘ 
not limited to:

ÅStandard reference material

ÅSample Thickness measurement

ÅEffect of room temperature and humidity

ÅRecommendation: 

ÅInterlaboratory comparison of resonator-based measurement techniques (Round Robin 
study) ςTask 3
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Task 3

Global Interlaboratory Comparison

Round Robin Study 1 and 2
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Round Robin Overview ςTask 3 

Sample Material Requirements

Å Stable, Low loss

Å Low moisture absorption / temperature dependency

Å Isotropic

Å Good mechanical & handling properties

Selection for RR1 and 2

Å Precision Teflon

Å Cyclo Olefin Polymer

Future additions

ÅRexolite

Å Fused Silica

Samples 

Lab 1
Techniques

A
B
C

Lab 2
Techniques

B
E

Lab 3
Techniques

A
C
E

9/10 Laboratories Effort
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Reference Sample

Sample Sample Size Reference

Teflon 50um 35 mm x 45 mm DuPontÊ TeflonÈ FEP, Type A

Teflon 125um 35 mm x 45 mm DuPontÊ TeflonÈ FEP, Type A

Teflon 50um 90 mm x 90 mm DuPontÊ TeflonÈ FEP, Type A

Teflon

125um
90 mm x 90 mm DuPontÊ TeflonÈ FEP, Type A

COP 188um 90 mm x 90 mm
Zeonex Cycloolefin Polymer ZF14-

188

COP 188um 35 mm x 45 mm
Zeonex Cycloolefin Polymer ZF14-

188

Survey of commercial resonators and frequency space resulted in choice of two sample sizes to cover 
frequency range 10GHz to 100GHz)
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Round Robin Overview ςTask 3 

10 Kits Created
Å Sample sizes 35 mm x 45 mm, 90 mm x 90 mm
Å 9 International labs participating

Techniques included
Å Split Post Dielectric Resonator
Å Split Cavity Resonator
Å Fabry-Perot
Å Balanced Circular Disk Resonator

Frequency Span : 10GHz ς100GHz

Goals
1. High level ςhow much agreement is there in results
2. Thickness ςhow closely do labs assess thickness
3. Understand sample quality, handling and sizing / compatibility
4. Understand practicality of techniques
5. Look for obvious biases between equipment types
6. Look for frequency dependency at higher frequencies
7. Do we need traceable standards?
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Task 3: Round Robin Experiment

Round Robin Test Labs

3M: USA

Dupont:USA

Intel: USA

ITEQ: Taiwan

ITRI: Taiwan

QWED: Poland

Keysight: USA

Nokia: Finland

NIST: USA

Showa-Denko: Japan

ShengyiElectric: China

SCR
(Split Cavity Resonator)

SPDR
(Split Post Dielectric 

Resonator)

BCDR
(Balanced Circular 

Disk Resonator)

FPOR
(Fabry-Perot Open 

Resonator)
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COP Results

Dielectric Constant

Loss Tangent

Each color 
represents a 
different lab

Each symbol represents 
a different 

measurement type
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Teflon Results

Dielectric Constant

Loss Tangent

Almost óidealô samples:

Å°2% Range for er
Å°0.0002 to °0.0004 for TanD

ÅUnknown accuracy 
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Is this good? 

Å Better than many expected

Å Lots of potential lab variations yet results are very good for óperfectô samples

Å Even within a lab °2% can be challenging for complicated metrologies

Å But ïfor many applications this is not good enough
Å °2% error could cause design cycle ïcustomer & supplier could differ by 4%

Å Offset mean values can impact HVM distribution tails & DPMs

Å Intel example ïthis would cause noticeable miscorrelation with design

Å Real, imperfect samples worse

Å Reproducibility does not ensure accuracy
Å Certified standard references still needed

Å Accuracy is very important; we have no way to assess it today

A Year of effort to do this study. If SRM was available, labs would have been able to 
validate measurement tools independently
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Goals ïhow did we do?

1. High level ïhow much agreement is there in results ?

Best case samples ïdon't expect better than °2%, real samples worse

2.  Thickness ïhow closely do labs assess thickness ?

Labs using similar micrometers and averaging yields ~0.2 -0.5% differences in numerical results

3.  Understand sample quality, handling and sizing / compatibility
Sample quality, TTV & flatness is a key limiter, equipment compatibility is challenging

4.  Understand practicality of techniques
Limited experience / skills & speed ïSCR & SPDR, benefits of FPOR, BCDR require more experience

5.  Look for obvious biases between equipment types
No obvious biases with given sample sizes, except in industrial materials where anisotropy is visible

6.  Look for frequency dependency at higher frequencies

COP & Teflon appear to be very constant at mmWave frequencies, however, without traceability the 
confidence in this statement is not clear and we have to rely heavily on BCDR and FPOR results for this claim

7. Do we need traceable standards?
Yes ïFurther progress in this space is difficult without a high confidence, known reference 



26

Round 2 Kit Alignment

ÅKit alignment is complicated

ÅSample size compatibility vs method vs lab tools

ÅWant good mix of sample ςmethod ςlab to get good overlap

Round 1:
Kit 2 NIST 6 samples measured, 1 methods, max 40GHz
Kit 3 Keysight 12 samples measured, 2 methods, max 80 GHz
Kit 4 QWED 12 samples measured, 2 methods (*FP), max 110
Kit 5 ITRI 6 samples measured, 2 methods, max 60GHz
Kit 6 ITEQ 12 samples measured, 2 methods, max 40GHz
Kit 7 Nokia 2 samples measured, 1 methods (*BCDR), max 46GHz (90x90)
Kit 8 Shengyi Electric 12 samples measured, 1 methods, max 15GHz
Kit 9 Showa Denko 6 samples measured, 2 methods (*BCDR), max 110GHz (45x35)

Round 2:
Kit 2 ->Keysight
Kit 3 ->NIST
Kit 4 ->Showa Denko
Kit 5 ->Nokia
Kit 6 -> Shengyi Electric
Kit 7 ->ITRI
Kit 8 ->ITEQ
Kit 9 ->QWED

Selection seems to give a reasonable compromise between all the constraints
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RR 2 Status

ÅQualitative ideas we ultimately want to check:
ÅAverage thickness assessment matters but may not be totally dominant in variation

ÅLab to lab differences for a specific sample seem less than assuming all samples are the same

ÅDo we see frequency dependence in these materials above 10GHz

Åά.ƭƛƴŘέ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ƳŀǘŜǊƛŀƭ
Å°2% for er
Å°0.0002 to °0.0004 for TanD(for these very low loss samples ςmay not translate to typical materials)
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Current Full Data Set (Both Rounds)
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¢ŀǎƪ пΥ ά/ƻƳƳŜǊŎƛŀƭ ƳŀǘŜǊƛŀƭ ǘŜǎǘƛƴƎέ
Materials are real, practical substrate materials submitted by industry representatives in 
the iNEMIgroup. Also included are Reference samples: Fused Silica and Rexolite

Task 4 Goal:
Seeks to validate the findings of Task 3 by showing that these same measurements are 
effective on real materials from multiple sectors of industry.
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The electronics sample kit looks like

Fused 

Silica

samples

35 mm x 45 mm

samples

90 mm x 90mm

Samples (Pairs)

Electronics sample kit: 34 samples from 7 sources

ÅThicknesses: 60 um ï300 um

ÅDielectric constants: 2.2 - 5

ÅIsotropic and anisotropic 

samples

The other kit included some more challenging samples...
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The automotive sample kit

Bumper 
materials

Foils

Automotive sample kit: 17 samples
ÅThicknesses: up to 4 mm

ÅComposites (thin film on substrate)

ÅLimited measurement options
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Limited Number of Test Labs for 
Efficiency and Schedule

ÅKeysight

ÅIntel

ÅNIST

ÅQWED

ÅNokia

US Labs

EU Labs

Samples submitted by global project members from USA, EU and Asia
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Task 4 Key takeaways

ÅTwo sample sizes sufficient to cover all considered test 
methods (35 mm x 45 mm and 90 mm x 90 mm)

ÅAccurate thickness evaluationand low thickness variation are 
of high importance

ÅResults variation of 2% - 5%

ÅStandard reference materials are of high interest
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Disclaimers to the Task 4 results

1. Limited sample size
Å5 labs total, 3 labs max on one physical sample

ÅCompared samples cut from the same material
ÅSignificant overlap in instrumentation

2. We are all measuring the same kit
ÅSample - to -sample variation is not as well captured

3. We are all using the same thickness measurements*
ÅMost direct possible comparison of microwave measurements
ÅRemoves variation coming from different thickness measurement 

capabilities between labs
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The electronics samples expanded 
ǊŀƴƎŜ ƻŦ 9ǊΩ ŀƴŘ TanDvalues

In just the electronics samples, we cover broad range of frequencies and materials

Real part of permittivity Loss tangent

Task 3 

range
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ÅWe are able to measure real materials as well as PTFE & COP

ÅResults variation across labs is on average +/- 2% for real materials

ÅThickness measurement challenges

×м ǳƳ ŜǊǊƻǊ ƻƴ млл ǳƳ ǎŀƳǇƭŜ ƭŜŀŘǎ ǘƻ м҈ ŎƘŀƴƎŜ ƛƴ ƳŜŀǎǳǊŜŘ ʶ

ÅNo unexpected challenges (handling/set up, shelf life) with thickness (60 
um ς300 um) or permittivity (2 ς4)

ÅOnly 2 sample geometries needed

ÅMore challenging materials can be measured with specific measurement 
setups

Summary ςTask 4
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Å No NIST traceable standards exist

Å Previously available standard discontinued

Why not redevelop previous SRM?

SRM 2870
Permittivity & Loss Tangent

Limitation ςLack of Standards

SRM 2387
NIST Peanut Butter

SRM 3290
Dry Cat Food

Currently Available for Purchase!
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Previous Generation NIST SRM
SRM2870

SRM 2870
Permittivity & Loss Tangent

SCR SPDR BCDR FPOR

Å Required difficult to source machining to thin sample, ruining traceability

Å X-Y dimensions of thinned sample still incompatible with most tools

Å Certified only at 10 GHz ïtoo low for mmWave / 5&6 G

Today, all permittivity tool vendors are operating without traceable 

standards for validating tool sets

Å Too thick for low loss mmWave methods shown below
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ÅNew iNEMIproject ςάрD wŜŦŜǊŜƴŎŜ aŀǘŜǊƛŀƭ 5ŜǾŜƭƻǇƳŜƴǘέ

ÅProject kick-off Jun 16, 2022

ÅContact Urmi Ray for further info) urmi.ray@inemi.org

Where do we go from here?

mailto:urmi.ray@inemi.org
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Thank you for the attention
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Review of the efforts on developing traceable 
permittivity standard reference material 

Nate Orloff (NIST)



NIST Semiconductor Series

Complex permittivity 
standard r eference materials

Nate Orloff
Lucas Enright, Nick Jungwirth, Bryan Bosworth, Chris Long, Jim 

Booth 
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Semiconductor manufacturerĴs measurement problem
Semiconductor Industry Association

Samsung
$209 

Intel
$72 

TSMC
$35 

Others
$114 

Dielectric properties impact all microelectronics 
manufacturing

SRC Research Needs: Packaging
ά5ƛŜƭŜŎǘǊƛŎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǳǇ ǘƻ рлл DIȊ ŀƴŘ 
beyond. Scope includes anisotropic and 
ƛƴƘƻƳƻƎŜƴŜƻǳǎ ƳŀǘŜǊƛŀƭǎΧ IƛƎƘ-frequency and 
high-temperature dielectric characterization of 
low-loss materials (encapsulants, mold 
ŎƻƳǇƻǳƴŘǎΣ ǎǳōǎǘǊŀǘŜǎΣ ŜǘŎΦύΦέ

iNEMI5G Materials Characterization Project Report I:
ά¢ƘŜ ƭŀŎƪ ƻŦ ǘǊŀŎŜŀōƭŜ ǊŜŦŜǊŜƴŎŜ ƳŀǘŜǊƛŀƭ ŦƻǊ 
mmWavesis a very serious problem. This lack 
makes verification of measurement methods and 
laboratory techniques impossible in an industry 
ǎŜǘǘƛƴƎΦέ

2020 
Semiconductor
Revenue ($B)
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Semiconductor manufacturerĴs measurement problem
Semiconductor Industry Association

Samsung
$209 

Intel
$72 

TSMC
$35 

Others
$114 

Intel even gave 3 talks to NIST about this problem last 
year

2020 
Semiconductor
Revenue ($B) SRC Research Needs: Packaging

ά5ƛŜƭŜŎǘǊƛŎ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǳǇ ǘƻ рлл DIȊ ŀƴŘ 
beyond. Scope includes anisotropic and 
ƛƴƘƻƳƻƎŜƴŜƻǳǎ ƳŀǘŜǊƛŀƭǎΧ IƛƎƘ-frequency and 
high-temperature dielectric characterization of 
low-loss materials (encapsulants, mold 
ŎƻƳǇƻǳƴŘǎΣ ǎǳōǎǘǊŀǘŜǎΣ ŜǘŎΦύΦέ

iNEMI5G Materials Characterization Project Report I:
ά¢ƘŜ ƭŀŎƪ ƻŦ ǘǊŀŎŜŀōƭŜ ǊŜŦŜǊŜƴŎŜ ƳŀǘŜǊƛŀƭ ŦƻǊ 
mmWavesis a very serious problem. This lack 
makes verification of measurement methods and 
laboratory techniques impossible in an industry 
ǎŜǘǘƛƴƎΦέ
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The problem is thereĴs no standard for 
dielectric constant
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The problem is thereĴs no standard for 
dielectric constant

ĶThese SRMs and no longer sold by NISTļķ
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Why are semiconductor standards so important?

Without a standard industryĴs measurements are broken

Metrology capability analysis (MCA)

P
ro

b
a

b
ili

ty

Value

Paul
George Joe

P
ro

b
a

b
ili

ty

Value

Manufacturer
‭ ρπȢπππȢπς

Vendor
‭ ρρȢπππȢπς

Acceptance testing (materials, tools)
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Why are semiconductor standards so important?

Without a standard industryĴs measurements are broken

Metrology capability analysis (MCA)

P
ro

b
a

b
ili

ty

Value

Paul
George Joe

P
ro

b
a

b
ili

ty

Value

Manufacturer
‭ ρπȢπππȢπς

Vendor
‭ ρρȢπππȢπς

Acceptance testing (materials, tools)
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What can happen without a standardļ

Credit: M. Hill, Intel

ρπȢπϷ Error in ‭

Extra Cost/CPU $0.34

CPU Volume 100 million units

Additional cost $34 million

Top view Backside view

Capacitors



50Credit: M. Hill, Intel

ρπȢπϷ Error in ‭

Extra Cost/CPU $0.34

CPU Volume 100 million units

Additional cost $34 million

Top view Backside view

Capacitors

What can happen without a standardļ



51Credit: iNEMI round robin

10% is not crazy

Frequency (GHz)

Custom BCDR tool

Error in algorithm for BCDR

Mirror tilted on FPOR

NISTôs result disagrees with everyone

D
ie

le
ct

ri
c 

co
n
st

a
n
t
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This traceability gap is an opportunity 
for NIST

DonĴt worry we are going to break down all these steps

Today 202?

All products

Company test and measurement

In - house standards

Traceabili
ty

gap

Factory 
calibration

s

NMI

All products

Company test and 
measurement

In - house 
standards
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How can we fill the traceability gap?

DonĴt worry we are going to break down all these steps

Today 202?

All products

Company test and measurement

In - house standards

Traceabili
ty

gap

Factory 
calibration

s

NMI

All products

Company test and 
measurement

In - house 
standards

Chose 
materia

l

Chose 
method

1

Measure 
dimensions

5

Measure 
Scattering
parameters

42

Use theory 
to map to 

permittivi
ty

3

Abbreviated for time



iNEMIĴsspecial report identified fused 
silica

35 mm

4
5

 m
m 150 µm ± 0.5 µm 

Thickness uncertainty 
% 0.3

Mosaic developed a special process for CorningĴs fused 
silica

Chose 
materia

l

1



iNEMIĴsspecial report identified fused 
silica

35 mm

4
5

 m
m 150 µm ± 0.5 µm 

Thickness uncertainty 
% 0.3

Mosaic developed a special process for CorningĴs fused 
silica

Chose 
materia

l

1



We chose SCR. It has the shortest traceability 
path.

The dimensions of the cavity and sample are the critical 
features

Sample

Input

Output

Chose 
method

2



We chose SCR. It has the shortest traceability 
path.

The dimensions of the cavity and sample are the critical 
features

Sample

Input

Output

Chose 
method

2
no sample

sample
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Theory* relates what we measure to what we 
want

‫ ‫

‫

᷿ ὉẗὈ ὉẗὈ Ὄ ẗὄ Ὄẗὄ Ὠὠ

᷿ ὉẗὈ Ὄ ẗὄ Ὠὠ

*this is not exactly the theory we want

Red = From dimensional metrology and Blue = From fitting S -
parameters

Use theory 
to map to 

permittivi
ty

3



59

Theory* relates what we measure to what we 
want
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parameters

Use theory 
to map to 

permittivi
ty

3
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Theory* relates what we measure to what we 
want
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*this is not exactly the theory we want

Red = From dimensional metrology and Blue = From fitting S -
parameters

Use theory 
to map to 

permittivi
ty

3
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We use a network analyzer to measure the 
data

We plan on using the SCR to start because it is the 
simplest

Cable

Cable

Vector network 
analyzer

Split Cylinder Resonator (SCR)

Sample

Input

Output
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Here is what the cavity looks like with no
sample

ὗ and ‫describe the cavity without the sample 

Measure 
Scattering
parameters

4

Ὢ σωȢφψ'(Ú
ὗ ρςωχπ
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The sample moves the peak to the left and 
down

Next, we stick the sample in

no sample

Measure 
Scattering
parameters

4
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The sample moves the peak to the left and 
down

sample

no sample

Measure 
Scattering
parameters

4
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The sample moves the peak to the left and 
down

ɝὪ ρȢυτ'(ÚχσË(Ú
ɝὗ ςτψχτφφ

sample

no sample

Measure 
Scattering
parameters

4
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We think* a white chromatic light sensor 
is best

We canĴt assume the index and must measure from both 
sides

Measure 
dimensions

5
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We think* the best way is red - light 
interferometer

We canĴt assume the index and must measure from both 
sides

Measure 
dimensions

5
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We think* that a CMM is best for the 
cavities

We need the dimensions of the cavity to about 1 µm at a 
few points

Measure 
dimensions

5
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We think* that a CMM is best for the 
cavities

We need the dimensions of the cavity to about 1 µm at a 
few points

Measure 
dimensions

5
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Here are the dimensions for our 28 GHz 
cavity

We are getting about the 27.771 GHz for the empty cavity

K 0.71100²0.001mm

S 6.89650²0.001mm

L 4.69874²0.001mm

R 7.60784²0.0002mm
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This path is not as far off as you might 
imagine

We made 7 prototypes alreadyļ

Today 202?

All products

Company test and measurement

In - house standards

Traceabili
ty

gap

Factory 
calibration

s

NMI

All products

Company test and 
measurement

In - house 
standards

Chose 
materia

l
Chose 

method

1 2

Measure 
Scattering
parameters

4

Measure 
dimensions

5

Use theory 
to map to 

permittivi
ty

3
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What specifications do we have to hit?

This plot is a rough estimate

202?

Factory 
calibration

s

NMI

All products

Company test and 
measurement

In - house 
standards
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What specifications do we have to hit?

202?

Factory 
calibration

s

NMI

All products

Company test and 
measurement

In - house 
standards

This plot is a rough estimate
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What specifications do we have to hit?

202?

Factory 
calibration

s

NMI

All products

Company test and 
measurement

In - house 
standards

100 nm 
thickness

uncertainty

1 um cavity 
dimensions

This plot is a rough estimate
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Here is the first prototype SRM 42

#2 of 7 actual prototypes

Coupon

Photographs of the prototype SRM

Lucas Enright

Ķ300 GHzķ 
kits

1 cm
100 mm
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What other traceability chains can use 
this? 

S- parameters, RF power, Antennas, Liquids, and more?  

All products

Company test and measurement

In - house standards

Factory 
calibrations

NMI

S
I

All products

Company test and measurement

In - house standards

S
I

AfterBefore

Traceability
gap
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Only NIST can fill the dielectric 
traceability gap

Currently available from NIST

SRM 42 Ultra high purity fused silica for dielectric constant and loss 

tangent from 1 GHz to 1 THz



79

Objective: Develop a standard for dielectric constant and loss 

State - of - New split cylinder cavities for dielectric 

Key idea: New high purity fused silica with ultra low TTV

Impact: Enables metrology capability analysis and acceptance 

Risks: Dimensional uncertainties are too high; samples are 

Metrics: Dielectric constant and loss tangent to better than 

Summarizing this talkļ



Summary of the program to date
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Thanks

And thanks to iNEMI

Urmi, Mike (s), Say, Malgorzata, Marzena,

Chiawen, Lucas, Bryan, and the whole team!





Do dielectric materials matter to you?

Lucas Enright

You can participate in the new iNEMI project making a 5G 
SRM


