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Motivation: EMPIR-Project 14IND02 PlanarCal

• Establish traceability of planar scattering parameter measurements

• Extension to higher frequencies (at least 325 GHz)

• Develop methods for measurements of RF nano-devices

Microwave measurements for planar circuits and components [1]

Scientific goals

Partners:

Duration: 1.10.2015-30.9.2018 Outcomes: Guides [33], [34]
[1]  https://planarcal.ptb.de
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Traceability of S-Parameter Measurements

• (almost) solved in coaxial and waveguide connectors

Fundamental questions:

• How do we reduce uncertainties in 
calibration standards?

• planar transmission lines: no complete solution prior to PlanarCal project 

• Which path should we choose to 
achieve traceability?

Metrological traceability requires the establishment of an unbroken chain 
of calibrations, each contributing to the measurement uncertainty, to 
specified references.
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Influence of Neighborhood on Multiline TRL Calibrations [2]

DUT measurement and simulation results on GaAs wafer

➢ despite identical DUT geometry different measurement results (from [3])

➢ Major result: Design guidelines for calibration substrates [33] (available from [1])

thru_2a thru_2b

(Simulations: FBH)
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PTB on-wafer measurement setup

Reliable uncertainties can only be specified in a given environment/
DUT neighborhood for a selected combination of 

• substrate materials

• planar waveguides 

• and microwave probes!

• Anritsu VectorStar VNA

• Suess PA 200 semi-automated wafer prober

• choice of ceramic/metal chuck

• GGB microwave probes with 100 um pitch

Only possible conclusion:
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Parameters after characterization:

Layout refinement +
better technology:

membrane area

Cross section

Calibration Standards in Membrane Technology [7]
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S-Parameter Uncertainty Evaluation

Software packages for S-parameter uncertainty evaluation (compared in [16]):

• NIST Microwave Uncertainty Framework [13]

• METAS VNATools [14]

• Keysight firmware (originally MMS4 by HFE)

Generic software for automatic calculation of uncertainty propagation:

• MSL GUM Tree Calculator (GTC)

• METAS UncLib [17]

• …

This work:

• Matlab multiline TRL implementation using METAS UncLib (see [2], [20])

• VNA characterization in accordance with new EURAMET guide CG-12 [19]
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VNA Measurement Model (from [14])

raw data switch terms error terms
cables,

connectors, 

DUT unc.

drift of

switch terms

error corrected data of DUT

(or cal. kit standard definition)

drift of 

error terms

noise,

linearity
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VNA Characterization (CG-12): Noise floor/Trace noise
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Again: Reliable uncertainties can only be specified in a given environment for a 
selected combination of substrate materials, planar waveguides and probes!

Reference method:

• split-cylinder resonator [23]

Extension to Fused Silica Substrates

Wideband extraction of dielectric material properties

Other methods/sources:

• on-wafer methods [24-26]

• manufacturer data
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Result:
εr =3.78±0.15
tanδ=(8±7)·10-4

(uniform pdfs 
assumed)

Relative Permittivity and Loss Tangent of Fused Silica [30]
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Uncertainties Revisited

➢ Cable effects from repeated measurements of shorts/matched devices [19]

➢ DUT uncertainty in transmission (instead of crosstalk correction of [9])

➢ Calibration standard uncertainties now calculated with “recursive 
approaches” from [21-22]
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Connection Repeatability (CG-12, Annex G.5) [19]

N.B.: Repeatability defined here as maximum of differences in real and imaginary 
parts between all reflection measurements. 
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Dimensional Characterization (AFM)

3D view of 
center conductor 
(z shown 3x enlarged)

measured profile  
of center conductor
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➢ better dimensional characterization as a result of atomic-force microscope (AFM)

➢ uncertainties similar to membrane technology, despite material influence 

➢ limitations of membrane technology budget overcome (full propagation of
uncertainties for multiline TRL via recursive approach a la Stumper/Hall,
cable effects now included)

Measurement vs Model
400 µm long matched line on fused silica substrate
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|S11| Expanded Uncertainty Intervals (k=2)

Different DUTs on fused silica substrate
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|S21| Expanded Uncertainty Intervals (k=2)

Different DUTs on fused silica substrate



18Uwe Arz 314. PTB-Seminar, 15. Mai 2019

|S11| Measurement Spread vs Expanded Uncertainties

Attenuator on fused silica substrate
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|S21| Measurement Spread vs Expanded Uncertainties

Mismatched line on fused silica substrate
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|S11| Uncertainty Budget

Attenuator on fused silica substrate
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➢ Situation: DUTs/calibration set built on custom-made R&S fused silica wafer

➢ for high-throughput measurements only ISS can be used (here: GGB CS-5) 

Transfer of Uncertainties (Fused Silica)

fused silica wafer GGB CS-5

SOLT 
transfer 
standards

DUTs

MTRL 
cal.
set

(https://www.ggb.com)
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Transmission of mismatched line

➢ SOLT with characterized ISS standards yields same result as reference multiline TRL!

➢ ISS can be used as transfer standard after characterization with custom-made, 
application-specific calibration standards. 

➢ Other techniques (permittivity compensation, residual error correction) have been 
investigated – only of limited use.

Transfer of Uncertainties (Fused Silica)

Reflection of attenuator device
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➢ no need for time-consuming MTRL calibration

➢ wear on MTRL standards reduced! 

Reflection of Attenuator Device Fused Silica
Normalized S11 measurements including 95% coverage intervals

black: MTRL
red: SOLT (char. stds)
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➢ SOLT uncertainties typically increased (depending on qty.)

➢ ISS can be used as transfer standard after characterization with custom-made,
application-specific calibration standards 

Transmission of Mismatched Line on Fused Silica
Normalized S21 measurements including 95% coverage intervals

black: MTRL
red: SOLT (char. stds)
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Summary and Conclusions

• Traceability first demonstrated for membrane technology devices

• Extension to industrial substrates successful (here: fused silica) –
this requires wideband dielectric measurements!

• Comprehensive uncertainty budget including instrumentation 
errors, repeatability and calibration standard uncertainties

• Complexity of the problem only manageable with software
(here: Matlab implementation using METAS.UncLib)

• Extension to higher frequencies possible with better CPW models

• Commercial ISS together with simple calibration algorithms fully 
suitable as transfer standards
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