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Today’s talk is about how we do this…

Lots of bandwidth

100 nm (SrTiO3)n–1(BaTiO3)1SrO (n=6) on (110) DyScO3

Eric 
Marksz
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AI and Automation will change the economy

Automation Artificial intelligenceInternet of things

Estimates 47% US jobs will be impacted by AI and Automation

We foresaw this…
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Low latency, high data communications are key
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$600B/y and 2.7M Jobs

mmWaves will be enabling technology that makes all this happen
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mmWaves aren’t the only new thing in 5G

mmWaves
Small cells Full duplex

Beam-

forming MIMO

Future?Current release 

Filters

And that hardware requires testing before it rolls out to consumers
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5G handsets overheat due to energy efficiency

Pros: Super fast. 

Cons: You’ll need an ice cooler
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Why are the phones overheating?

*Figures here are for illustration of the 
idea and are not used in phones or the 

reason deployed phones overheat
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One potential problem is with the materials

?
Vendor measures here

5G works here

1 GHz 30 GHz
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This is a random phone

Device Packaging Conference 2021 - April 12-15, 2021

000278



iMAPS 2021 9

How do we know we are right?

2G, 3G, 4G, 4G LTE products

Company test and measurement

In-house standards

Factory calibrations

NMI

SI

5G mm-wave products

Company test and measurement

In-house standards

SI

Permittivity traceability 

for current technology

Permittivity traceability 

for 5G mmWave

Traceability

gap
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How can we fill the mmWave traceability gap?

Just making a Standard Reference Material is not enough

mmWave
traceability 

gap

1 Dimension
sample and 

Cavity

Measure 
S-parameters2 Map to 

permittivity3 Gap filled…
But we aren’t done…4

Cavity

Sample
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So how can we get traceability?

We need the dimensions of the cavity and the sample

1 Dimension
sample and 

Cavity

Cavity

Sample
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We also need the S-parameters

Goodness of fit estimates uncertainties in resonance frequency and losses 

Measure 
S-parameters2
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What is a on-wafer calibration kit

This on-wafer kit makes your measurements traceable and so much more

5G mmWave products

Company test and measurement

In-house standards

Factory calibrations

NMI

SI

Permittivity traceability 

for 5G mmWave

1 cm

On-wafer traceability 

for 5G mmWave
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1 cm

14

On-wafer traceability lets you calibrate devices

Without calibrations, our data is nearly useless

Cable Cable

Vector 
network 
analyzer

On-wafer measurement
1 Reference 

wafer

*technically data correction 

Device Packaging Conference 2021 - April 12-15, 2021

000284



iMAPS 2021

They relate input voltages (‘𝑎’) to output voltages (‘𝑏’)

15

A VNA measures S-parameters

𝑆 =
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 1 𝑡𝑜 1 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 2 𝑡𝑜 1

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 1 𝑡𝑜 2 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 2 𝑡𝑜 2

“𝐴”
Device

𝑏1

𝑎1

𝑎2

𝑏2
Input from port 1

Input from port 2

Receiver on port 2

Receiver on port 1
Transmission 2 to 1

Reflection 2 to 2

Transmission 1 to 2

Reflection 1 to 1

𝑆 =
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 1 𝑡𝑜 1 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 2 𝑡𝑜 1

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 1 𝑡𝑜 2 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 2 𝑡𝑜 2
𝑆 =

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 1 𝑡𝑜 1 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 2 𝑡𝑜 1
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 1 𝑡𝑜 2 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 2 𝑡𝑜 2

𝑆 =
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 1 𝑡𝑜 1 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 2 𝑡𝑜 1

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 1 𝑡𝑜 2 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 2 𝑡𝑜 2
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So this calibration kit solves a big problem

Reflection 2 to 2
Device

“𝐴”

Input from port 1

Input from port 2

Receiver on port 2

Receiver on port 1
Transmission 2 to 1

Transmission 1 to 2

Reflection 1 to 1
Cables, etc.

“ ത𝑌” 
Cables, etc.

“𝑋”

𝑏1

𝑎1

𝑎2

𝑏2

“𝐴”
Device

𝑏1

𝑎1

𝑎2

𝑏2
Input from port 1

Input from port 2

Receiver on port 2

Receiver on port 1

Reflection 2 to 2

Transmission 2 to 1

Transmission 1 to 2

Reflection 1 to 1

We don’t actually measure “𝐴”…

We measure “𝑀”…
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Heydari, et al. IEEE CICC, 2007. pp. 769-772. 

17

Let’s go back and contact our circuit with probes

On-wafer probes On-wafer probes

Then we can calibrate its S-parameters
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Here is what calibrating data means…
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Beyond calibrating data...

1 Reference 
wafer

Reference

1 cm

2 Substrate 
and film

Substrate

Film

1 cm

Extract circuit 
parameters3
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Map to dielectric 
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20

Our end goal is the dielectric constant

Interdigitated capacitors Transmission lines
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We break the regimes up by devices…

21

• High frequency

• Radio frequency & Low frequency 

0.5 cm

2 Substrate 
and film

Substrate

Film

1 cm
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What is a coplanar waveguide (CPW)?

2 Substrate 
and film

Substrate

Film

1 cm
Film

Substrate

Substrate

Signal

Ground

Ground

ℓ

𝑅 𝐿

𝐺𝐶

Δ𝑥
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CPWs: what does the electric field look like?

2 Substrate 
and film

Substrate

Film

1 cm

105

102

103

104

V/m
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Here is what we get for our film

2 Substrate 
and film

Substrate

Film

1 cm
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100 nm (SrTiO3)n–1(BaTiO3)1SrO (n=6) on (110) DyScO3
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Next, we simulate the cross section

Finite-element simulations4
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26

And here is the result for this film…

100 nm (SrTiO3)n–1(BaTiO3)1SrO (n=6) on (110) DyScO3

Device Packaging Conference 2021 - April 12-15, 2021

000296



iMAPS 2021 27

5G is here… and you can help.

New markets 
and more capacity

Better materials 
measurements and models

Analog and digital 
devices

5G…6G
…7G
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Summary of the program to date

28

Thanks.
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