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1. Introduction 

This report provides information on activities and results from Task 1.1 for state of the art SI 
traceable S-parameters for a set of mechanical standards using combination of dimensional and 
electrical measurements and advanced optimization algorithms.  

 

 

Fig. 1. Set of primary standards. 

Activities have covered selection and purchase of appropriate mechanical primary 
standards, dimensional characterization, mechanical modeling, analytical calculations, 
numerical field simulations, electrical measurements and final characterization of the results 
using optimization functionality of VNA Tools II, which led to final S-parameters of the 
standards. Each of these activities will be presented in the report. 

 

2. METAS workshops regarding Primary Experiment (A1.1.2) 

METAS prepared two workshops on the topic of now SI traceability of S-parameters can be 
established through calculable primary calibration standards. The courses have described the 
process to the participants so that they could implement it during the course of this task. 

 

3. Selection and purchase of a set of primary standards (A1.1.2) 

TUBITAK provided a set of coaxial airline standards that can be used for the primary 
experiment. The connector type was selected to be compatible with the laboratory infrastructure 
of all participants, i.e. it is either Type-N or 3.5 mm. The standards were pre-characterized and 
visually inspected by TÜBİTAK UME to ensure that they are not damaged and that they are 
suitable for the primary experiment. METAS was given advice if needed.  

 

3.1 Selection of appropriate standards 

Set of primary standards was chosen for connector family which is used in most of participating 
laboratories which would perform electrical and mechanical measurements. This was 3.5 mm 
connector, which can cover frequencies up to 33 GHz was selected. The set of standards was 
purchased by TÜBİTAK UME with advice from METAS on which standards are appropriate for 
the characterization and modeling using methods which will be used for other activities. 
 

3.2 Description of selected primary standards 

 

Set of primary standards consists of: 

- 1x Flush Short 3.5 mm male connector; Keysight, s.n.: 032, 
- 1x Flush Short 3.5 mm female connector; Keysight, s.n.: 00180, 
- 1x Airline l=70mm 3.5 mm male->female connector; Maury Microwave, s.n.: C989, 
- 1x Airline l=50mm 3.5 mm male->female connector; Maury Microwave, s.n.: C991, 
- 1x Airline l=45mm 3.5 mm male->female connector; Maury Microwave, s.n.: C990, 
- 1x Airline l=40mm 3.5 mm male->female connector; Maury Microwave, s.n.: C992. 
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4. Mechanical model and dimensional characterization (A1.1.3) 

Mechanical model for the airline was prepared by SIQ with advice from METAS and other 
partners. Dimensional measurements were performed by CMI, TÜBİTAK UME. METAS also 
performed dimensional measurements which are used to validate dimensional measurements 
by the other partners. 
 

4.1 Mechanical model 

Mechanical model was prepared by SIQ. The model involved dividing the airline into segments, 
which represented sections of the airline that are measured during dimensional 
characterization. Segments for the body of the airline have been modeled using Daywitt’s model 
[1]. Appropriate material properties have to be used depending on the materials of the airlines.  
 

 

Fig. 2. Cascading of airline segments. 

At each end of the line segments are added to account for the pin gaps. Additional segments for 

the connector effects are modeled using models developed by METAS for connector effects. 

This way S-parameters of all individual segments are calculated and cascaded together to 

obtain the final calculated S-parameters of the airlines. 

Fig. 3. Male connector model 
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Details on how connectors and pin gaps are modeled is shown in VNA Tools Math Reference 
[2]. Same modeling is also used for primary flush short standards. 

 
Fig. 4. Male Half connector model 

 

4.2 Dimensional characterization  

Dimensional characterization led to a set of data which was used in models to prepare a set of 
modeled S-parameters for the airlines which were used as input database standards for the 
optimization process in VNA Tools-II. 

Part of dimensional characterization is also estimation of pin depths/gaps which are also used in 
the model for database standard. 

5. Analytical calculations and numerical field simulations (A1.1.4) 

Results from dimensional characterization were used with the mechanical model to perform 
analytical and/or numerical field simulations to obtain electrical properties of the standards. The 
uncertainties from dimensional characterization is then propagated to electrical results. This 
was performed by TÜBİTAK UME, INTA, NIS and RISE. 

5.1 Analytical calculations 

Analytical calculations have been used for the body of the airline using the model from A1.1.3. 
Same model is already built by VNA Tools II, which calculates S-parameters of individual 
segments and cascades them together to obtain the definition of the airline standard from 
dimensional measurements. VNA tools II also provides the facility to cascade precomputed 
connector and pin gap effects to the definition of the airline. 

5.2 Numerical field simulations 

Numerical field simulations have been performed for connector effects and for the effects of pin 
depths/gaps. Results from those simulations are then used/cascaded to the analytical results for 
the body of the airline from analytical calculations to obtain electrical properties of the complete 
airline including connector effects. 

Those electrical results are then used as input for the optimization process in VNA Tools II. 

For S-parameters calculation, the “best” measured dimensions of the airlines have been 
selected. The ICOD measurement was taken from TÜBİTAK UME, the OCID measurement was 
taken from CMI and all the connector chamfers, pin depths, pin gaps etc. for connector 
modelling were taken from METAS. 
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For material properties for all airlines: 
- Relative Permittivity of Air εr = 1 without (0) uncertainty 
- Relative Permeability of Air kr = 1 without (0) uncertainty 

- DC Conductivity(gold)  = 41.0106 S/m U= 1.0106 S/m -> Corrected in all files 

- HF Conductivity(METAS – VNA Tools II) HF = 722.96103 S/m/     U= 72.296103 

S/m/     

Fig. 5. Mechanical data entered in VNA Tools II definition screen for 70mm airline. 

Fig. 6. Modeled (calculated) S-parameters including connector effects for 70mm airline with uncertainty. 

6. Electrical measurements of the standards (A1.1.5) 

Electrical measurements have been performed by TÜBİTAK UME and CMI. METAS also 
performed electrical measurements which is used to validate electrical measurements by less 
experienced partners. 
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6.1 Electrical measurements 

Electrical measurements have been performed by TÜBİTAK UME, CMI and METAS. Setup 
which was used by both partners was developed by them. Kapton disks supplied by METAS 
have been used to control the position of the center conductor for accurate pin gaps. 

TÜBİTAK UME: 

TÜBİTAK UME measured all primary standards with female connectors connected to port 1 of 
the VNA and male connectors connected to port 2 of the VNA. Additional standards were also 
measured by TÜBİTAK UME which are used to calculate initial calibration needed as input to 
optimization process. 

Raw measurement data for all standards was provided in form of .sdtab files generated by VNA 
Tools II during measurements. Appropriate journal log file .vnalog containing those 
measurements was provided (Journal_03.vnalog) 

VNA Device database file for the VNA was supplied in form of .vnadev file 
(PNA_N5225A_MY56051838.vnadev). 

Cables and connectors which were used in the journal, are default ones provided by the VNA 
Tools II in the default database and they were not provided separately. 

CMI: 

CMI measured all primary standards with female connectors connected to port 1 of the VNA 
and male connectors connected to port 2 of the VNA. Additional standards were also measured 
by CMI which are used to calculate initial calibration needed as input to optimization process. 

Most standards have been measured in multiple orientations. Reflect standards 8x, primary 
flush shorts 11x, airlines primary 2x (C992 1x).  

CMI additional notes: 

- VNA port 1 is male and port 2 is female connector for measurements  
- Kapton disc at VNA port 1 = 19um 
- Pin depth at VNA port 1 = - 0,0010 in (+/- 0,0001 in) 
- Pin depth at VNA port 2 = - 0,0008 in (+/- 0,0001 in) 
- Connector database was used as generic file include in the VNA Tools 

 

METAS: 

METAS measured all primary standards with female connectors connected to port 1 of the VNA 
and male connectors connected to port 2 of the VNA. Additional standards were also measured 
by METAS which are used to calculate initial calibration needed as input to optimization 
process. 
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7. Final characterization (A1.1.6) 

Final characterization of the results using optimization functionality of VNA Tools II was 

performed using calculated results of electrical properties of the standards and results from 

electrical measurements. This was performed by TÜBİTAK UME, CMI, SIQ and NQIS. METAS 

also performed final characterization which is used to validate results obtained by less 

experienced partners. 

SIQ performed final characterization using results from A1.1.5 and database standard files from 

A1.1.3 and A1.1.4. This was done using optimization calibration functionality in VNA Tools II. 

HW 1 Used: 

- CPU Intel Core i7 6850K 6C/12T 3,6 GHz, 4,01 GHz MAX 

- MEM 32Gb DDR4 2666MHz Quad Channel (256bit, ) 

- SSD 512Gb Samsung 950 PRO NVMe 

HW 2 Used: 

- CPU DUAL (2x) Intel Xeon X5680 6C/12T 3,33 GHz, 3,60 GHz MAX -> 12C/24T 

- MEM 24Gb DDR3 1333MHz Tripple Channel (192bit) 

- SSD 240Gb WD Green 

7.1 Optimization using VNA Tools II: 

First electrical measurement of additional standards (85032B Reflects, THRU, Switch Terms) 

were used to calculate Unknown THRU calibration from the measurements. For this calibration 

default standard definitions for Keysight 85032B calibration kit from VNA Tools II database have 

been used and IdealTHRU50ohms for THRU connection. This way starting calibration for 

optimization process was obtained. 

Fig. 7. Optimization calibration configuration 
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For optimization process best selected raw measurements of the primary standards have been 

used appropriately marked with either Transmission 1,2 or Reflection 1 or 2 as appropriate for 

given measurements and with variable IDs. For each raw measurement appropriate calculated 

database file was selected. Additionally, THRU measurement was added to the optimization 

where IdealTHRU50ohm was selected as database file. This measurement was given weighting 

factor 3. Switch terms are then added to the optimization calibration. Appropriate journal file was 

selected. This configuration is shown in Fig. 7. 

Additional optimization configuration was to check the option “All Frequencies at once”, 

“Covariance Weighting” and “Remove small influences”. Path to UnknownTHRU calibration 

.calb file calculated previously to be used as Start calibration for the optimization process is also 

selected. 

Fig. 8. Additional optimization calibration config. 

Optimization was then performed which resulted in final optimized S-parameters of primary 

standards from TÜBİTAK UME measurements. 
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Optimization results 

Optimization results provide error corrected S-parameters of primary standards. S-parameters 

obtained from optimization are given in following charts. Black lines are from CMI, Brown lines 

from METAS and Red lines from TÜBİTAK UME results. 

Fig. 9. Error corrected S-parameters for 70mm airline (C989) 

Fig. 10. Error corrected S-parameters for 45mm airline (C990) 
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Fig. 11. Error corrected S-parameters for 50mm airline (C991) 

Fig. 12. Error corrected S-parameters for 40mm airline (C992) 
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Fig. 13. Error corrected S-parameters for female Flush short (00180) 

Fig. 14. Error corrected S-parameters for male Flush short (032) 
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Fig. 15. Error corrected S-parameters for 70mm airline with associated uncertainties (C989) 
 
From given results it can be seen that final results from all participants agree within associated 
uncertainties. Detailed results with all associated uncertainties are given in VNA Tools .sdatb 
data files. 
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Residuals from optimization process can be used to determine how optimized results agree with 

measured data. Black Line -> 70mm airline, brown line -> 45mm airline, red line -> 50mm 

airline, orange line -> 40mm airline, yellow line -> female flush short, green line -> male flush 

short, blue line -> ideal thru  

Fig. 16. TÜBİTAK UME Optimization residuals. 

Fig. 17. CMI Optimization residuals. 
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Fig. 18. METAS Optimization residuals. 

Optimization process also provides calibrated VNA which can be used to calibrate further 

standards. 
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8. Conclusions 

Results from final characterization are a set of SI traceable S-parameters of a set of primary 
standards. Those results can be used for traceable calibration of Vector Network Analyzers 
(VNA) which can then be used for further traceable measurements and calibrations of other 
RF&MW calibration kits and components which can then be used as working standards. 

Optimization functionality of VNA Tools II which was used for final characterization also 
provides error coefficients for VNA setup which was used during electrical measurement of 
primary standards. This means that such VNA setup can then be directly used for traceable 
measurements and calibrations, without even extracting and using the S-parameters of the 
primary standards. 
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