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Introduction
This pilot study is part of the European partnership for metrology (EPM) project 23IND10 OnMicro [1], where different methods for accurate measurement of material properties have been developed (i.e., permittivity and loss tangent) for a variety of materials including semiconductors, thin-films, and novel 2D materials. Precise knowledge of the properties of such materials is crucial for the development of circuits and systems for emerging applications such as 6G communications, automotive radar sensors, and wearable electronics. To meet the demand of such applications exploiting various ranges of the electromagnetic spectrum, these material properties (which are typically frequency-dependent) require characterisation at microwave, millimetre-wave, and terahertz frequencies. A set of reference materials will be measured by different VNA-based setups. The measurements will be analysed with different material parameter extraction methods to study and compare different algorithms.

[bookmark: _Toc191299594]Travelling Standards
The list of samples to be used is given in Tab. 1. These samples correspond to dielectric samples deposited to a transmission line. 

[bookmark: _Ref191282520]Tab. 1   List of samples to be used for the comparison
	sample
	material
	nominal ε
	shape/size (mm)
	nominal thickness (μm)

	1
	High-Resistivity Silicon
	11.7
	ø76.2
	275

	2
	Gallium Arsenide
	12.9
	ø76.4
	625
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The pilot institute for this comparison (pilot study) is NPL. The contact details of the coordinator are given below.
	Pilot Institute	:
	NPL

	Coordinator 	:
	Xiaobang Shang 
+44 (0) 20 8943 6643
xiaobang.shang@npl.co.uk
	National Physical Laboratory
Hampton Road
Teddington
Middlesex, UK, TW11 0LW



The participating institutes and contact persons with their addresses are given in Tab. 2.

[bookmark: _Ref191287313]Tab. 2   Participating laboratories
	Country
	Institute
	Acronym
	Shipping Address
	Contact Person

	UK
	National Physical Laboratory
	NPL
	National Physical Laboratory
Hampton Road
Teddington
Middlesex, UK
TW11 0LW
	Xiaobang Shang
+44 (0) 20 8943 6643
xiaobang.shang@npl.co.uk 

	Poland
	Central Office of Measures

	GUM
	GUM
Laboratory of Electricity and Magnetism
Elektoralna 2
00-139 Warszawa
Poland
	Marcin Wojciechowski
+48 (0) 22 581 9303
marcin.wojciechowski@gum.gov.pl 

	France
	Laboratoire national de métrologie et d'essais

	LNE
	LNE
29 avenue Roger Hennequin
78197 Trappes Cedex
France
	Djamel Allal
+33 (0) 130 692 150
djamel.allal@lne.fr

	Belgium
	Keysight Technologies Belgium

	Keysight BE
	Wingepark 51
3110 Rotselaar
Belgium
	Robin Schmidt

robin.schmidt@keysight.com 

	Germany
	Physikalisch-Technische Bundesanstalt

	PTB
	Physikalisch-Technische Bundesanstalt (PTB) 
Bundesallee 100 
38116 Braunschweig 
Germany
	Gia Ngoc Phung
+49 531 592 2226
gia.phung@ptb.de 

	USA
	Cornell University
	Cornell 
	424 Philips Hall
School of Electrical and Computer Engineering
Cornell University, Ithaca, NY 14853
	Jim Hwang

jch263@cornell.edu 

	France
	Centre National de la Recherche Scientifique
	CNRS
	Cité Scientifique
Avenue Henri Poincaré
CS 60069
59 652 Villeneuve d'Ascq Cedex, France
	Kamel Haddadi

kamel.haddadi@univ-lille.fr 


[bookmark: _Toc461030287]
[bookmark: _Toc191299596]Time Schedule
The time schedule for the comparison is given in Tab. 3. The circulation of travelling standard will be organized as a ring style. Each laboratory will have 6 weeks to carry out the measurements. Any deviation in the agreed plan should be approved by the pilot institute. 
Once a participant is ready with the measurement of the travelling standard, each laboratory will arrange the delivery of the equipment to the next participant in the schedule list.
The travelling standard should be checked for damage immediately after reception. In case some damage may be detected, the pilot laboratory should be informed immediately.

[bookmark: _Ref191293525]Tab. 3   Time schedule of the comparison
	Acronym of Institute 
	Country
	Measurements
	Transportation to the next participant due (not later than):

	UK
	NPL
	April 2025
	30 April 2025

	France
	LNE
	May 2025
	31 May 2025

	France
	CNRS
	June/July 2025
	31 July 2025

	Germany
	PTB
	August 2025 
	31 August 2025

	Poland
	GUM
	September 2025
	30 September 2025

	Belgium
	Keysight
	October 2025
	30 October 2025

	USA
	Cornell
	November 2025 / January 2026
	31 January 2026
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[bookmark: _Toc191299597]Transport Case
The travelling standard and miscellaneous equipment will travel in a well-protected package whose dimensions are approximately 30 cm length x 30 cm width x 20 cm height) and a weight, including the travelling standards, of approx. 2 kg. The transport case can easily be opened for customs inspection.
[bookmark: _Toc461030289][bookmark: _Toc191299598]Transportation of Travelling Standard
The comparison will be organised in one ring loop. 
Each participant laboratory is responsible for the transportation of the travelling standard to the next laboratory. The cost of transportation will be paid by the laboratory which sends the travelling standard. Each participant will be responsible for the transportation expenses to the next participant laboratory in the list.
The estimated cost of the travelling standard and miscellaneous equipment (for the carrier company to include a transportation insurance covering any damage caused to the equipment) is 1000 EUR.
After arrival in the participant’s laboratory, the standard and accompanying instrumentation should be checked for any damage and allowed to stabilise in a temperature and, possibly, humidity-controlled room. 
Each participant will have one week to allow for successful transportation from the preceding participant in the list and one week available for measurement. This includes the measurements and the stabilisation of the standard. 
[bookmark: _Toc461030290][bookmark: _Toc191299599]Damage or loss of samples (travelling standards)
In case of any damage of the samples, the participating institutes will decide further steps (e.g., limited number of samples, limited number of participating institutes). 
[bookmark: _Toc461030291][bookmark: _Toc191299600]Financial aspects
Each participant laboratory is responsible for costs for the transportation expenses to the following laboratory, measurements as well as any damage that may occur within its country.
The overall costs for the organisation of the comparison are covered by the pilot laboratory. The pilot laboratory has no insurance for any loss or damage of the travelling standard, except for the insurance related to the delivery to the first participant in the list (first transportation of the standards).
[bookmark: _Toc461030292][bookmark: _Toc191299601]Measurement Quantities and Points
The quantity to be measured is the complex permittivity (real and imaginary part) or alternatively the real part of the dielectric constant and loss tangent. Each participant should characterise as many samples as possible depending on the used measurement setup. The frequency range should be chosen based on the capabilities of particular setups.

Also the following information should be given:
· Ambient temperature,
· Ambient relative humidity.
No correction will be applied for the ambient temperature and relative humidity.
[bookmark: _Toc461030294][bookmark: _Toc191299602]Measurement Instructions
[bookmark: _Toc461030295][bookmark: _Toc191299603]Precautions
· Any precautions or useful information that should be taken into account (information from the sample owner).
· Avoid extreme temperature, humidity or pressure changes as well as violent impacts.
[bookmark: _Toc461030296][bookmark: _Toc191299604]Before the Measurements
· It should be allowed to stabilize in a temperature and humidity-controlled environment for at least 1 day before commencing measurements.
[bookmark: _Toc461030298][bookmark: _Toc191299605]Environmental Conditions
· The ambient temperature and humidity should be measured. No corrections will be performed for temperature and humidity effects.
· Preferably, the measurements should be carried out at the ambient conditions given below:
Temperature	: (23 ± 1) °C
Relative humidity	: (45 ± 15) %
[bookmark: _Toc461030299][bookmark: _Toc191299606]Method of measurement
Each participant institute may use its own measurement method and participant should give its measurement method in the comparison report. 
[bookmark: _Toc475954427][bookmark: _Toc475954428][bookmark: _Toc475954429][bookmark: _Toc475954430][bookmark: _Toc461030300][bookmark: _Toc191299607]Measurement Uncertainty
The uncertainty of measurement must be calculated according to Ref. [2] or Ref [3] for a confidence level of 95 % (in the case of infinite degrees of freedom or an assumed Gaussian probability density function, this corresponds to a coverage factor k=2).
All contributions to the measurement uncertainty, or at least the most relevant ones, should be listed in the measurement report submitted by each participant.
[bookmark: _Toc475954432][bookmark: _Toc475954433][bookmark: _Toc461030301][bookmark: _Toc191299608]Reporting of Results
The results should be sent to the pilot laboratory within 20 days of completing the measurements.
The report must contain at least:
· Details of participating laboratory,
· The date of the measurements,
· A detailed description of the measurement method and system used,
· Calibration of the system (if applicable),
· The samples used in the comparison measurements,
· Information about the samples’ thickness used for calculations (i.e., nominal value, measured independently),
· Software used in the comparison measurements (if used),
· The environmental conditions during the measurements (if applicable):
· Ambient Temperature
· Relative Humidity
· Results of measurement;
· Model function of measurement with explanations of the symbols,
· Expanded measurement uncertainty, estimated for a confidence level of 95 % (if possible).
[bookmark: _Toc461030302][bookmark: _Toc191299609]Final Report of the Comparison
CMI and METAS with help of the pilot laboratory is responsible for the preparation of a comparison report.
The draft version of the comparison report will be issued by CMI with cooperation with the pilot laboratory of all measurement reports from the participants. The draft report will be sent to the participants for discussion, amendment if applicable, and eventually for approval. Due to the complexity of measurement setups and relative novelty of the material properties measurement methods, this comparison is considered as a pilot study and as such will be submitted to EURAMET. No reference value from participants’ data will be calculated. 
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