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Calibration Equipment used (M&TE critical for calibration) 
 
Primary Standards ID # Cal Date (Certificate No.) Scheduled Calibration 
OCP DAK-3.5 (weighted) SN: 1084 9-Oct-13 (OCP-DAK3.5-1084_Oct13) Oct-14 
    
Secondary Standards ID # Check Date (in house) Scheduled Check 
Rohde & Schwarz ZVA50 T0170 4-Jun-12 (in house check May-13) May-14 
Digital Thermometer DTM3000 2148 28-Mar-13 (in house check Mar-13) Mar-14 
Methanol 99.9% Type 34860 SZBC143SV 4-Mar-13 (batch opened) Apr-14 
Head Liquid, HSL U12 121204-1 25-Apr-13 (in house check Apr-13) Apr-14 
0.1 mol/L NaCl solution Type 35275 SZBA2560 25-Apr-13 (in house check Apr-13) Apr-14 
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Description of the dielectric probe 
 
Dielectric probes are used to measure the dielectric parameters of tissue simulating media in a wide 
frequency range. The complex permittivity εr

 *= (ε’/ε0) - j(ε”/ε0)  is determined from the S parameters 
measured with a vector network analyzer (VNA) with software specific to the probe type. The parameters 
of interest e.g. in standards [1, 2, 3] and for other applications are presented are calculated as follows: 
(Relative) permittivity ε’ (real part of εr

*= (ε’/ε0) - j(ε”/ε0) where ε0 = 8.854 pF/m is the permittivity in free 
space) 
Conductivity σ = 2 π f ε” ε0,  
Loss Tangent = (ε”/ε’)  
 
The OCP (open ended coaxial) is a cut off section of 50 Ohm transmission line, similar to the system 
described in [1, 2, 3, 5], used for contact measurement The material is measured either by touching the 
probe to the surface of a solid/gelly or by immersing it into a liquid media. The electromagnetic fields at the 
probe end fringe into the material to be measured, and its parameters are determined from the change of 
the S11 parameters. With larger diameter of the dielectrics, the probe can be used down to lower 
frequencies. 
The flange surrounding the active area shapes the near field similar to a semi-infinite geometry and is 
inserted fully into the measured lossy liquid.  
The probe is connected with a phase and amplitude stable cable to a VNA which is then calibrated with 
Open, Short and a Liquid with well-known parameters. 
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All parts in the setup influencing the amplitude and phase of the signal are important and shall remain 
stable. 
 
Handling of the item 
 
Before usage, the active probe area has to be cleaned from any material residuals potentially 
contaminating the reference standards. The metal and dielectric surface must be protected to keep the 
precision of the critical mechanical dimensions. The connector and cable quality are critical; any 
movements between calibration and measurement shall be avoided.  
The temperature must be stable and must not differ from the material temperature.  
 
 
Methods Applied and Interpretation of Parameters 
 
The calibration of the dielectric probe system is done in the steps described below for the desired 
frequency range and calibration package (SAR/MRI liquids, Semi-solid/solid material). Because the 
standard calibration in step 3 is critical for the results in steps 4 to 8, the sequence 3 to 8 is repeated 3 
times. As a result, the result from these 3 sets is represented. 
1. Configuration and mechanical / optical status. 
2. Measurement resolution is 5 MHz from 10 to 300 MHz, 50 MHz from 300 to 6000 MHz and 250 MHz 

from 6 to 20 GHz. 
3. Standard calibration uses Air / Short / Liquid. 1 liter liquid quantity is used to reduce the influence the 

reflections. The liquid type is selected depending on the lowest frequency and probe diameter: 
 DAK-1.2, DAK-3.5, Agilent OCP: de-ionized water (approx. 22 °C) 
 DAK-12: saline solution with static conductivity 1 S/m (approx. 22 °C) 
 NPL OCP: pure ethanol (approx. 22 °C) 

4. The cable used in the setup stays in a fixed position, i.e. the probe is fixed and measuring from the 
top in an angle of typ. 20° from the vertical axis. For DAK and Agilent probes, the refresh function (air 
standard) is used previous to the individual measurements in order to compensate for possible 
deviations from cable movements. After insertion of the probe into a liquid, the possible air bubbles 
are removed from the active surface. 

5. Measurement of multiple shorts if not already available from the calibration in the previous step 
(NPL). Evaluation of the deviation from the previous calibration short with graphical representation of 
the complex quantities and magnitude over the frequency range. The specific probe short will be 
used if provided. This assessment shows ability to define a short circuit at the end of the probe for 
the VNA calibration in the setup which is essential at high frequencies and depends on the probe 
surface quality. 

6. Measurement of validation liquids in a quantity of 1 liter at well defined temperature. Evaluation of the 
deviations from the target. The targets base on traceable data from reference sources. The deviation 
of the measurement is graphically presented for permittivity and conductivity (for lossy liquids) or loss 
tangent (for low losses at low frequencies). 

7. Measurement of lossy liquids in a quantity of 1 liter at well defined temperature. Head tissue 
simulating liquid or saline solution with 0.5 S/m static conductivity are representative. The target data 
base on traceable data from reference sources or from multiple measurements with precision 
reference probes or different evaluations such as transmission line or slotted line methods. 
Evaluation of the deviation from the target and graphical representation for permittivity and 
conductivity over the frequency range 

8. Semi-solid / solid material calibration:  
Measurements of an elastic lossy broadband semi-solid gel with parameters close to the head tissue 
target. Measurements of a planar very low loss solid microwave-substrate. The average of 4 
measurements of the same sample at different location is shown as a single result. The deviation of 
the permittivity and conductivity from the reference data is evaluated. 
Measurements of a planar very low loss solid microwave-substrate. The average of 4 measurements 
of the same sample at different location is shown as a single result. The relative deviation of the 
permittivity and the absolute deviation of the loss tangent is evaluated. 
The targets base on multiple measurements (on the same material batch at identical temperature) on 
convex and planar surfaces with precision reference OCP. 
The measurement on semi-solid / solid materials is sensitive to the quality and planarity of the probe 
contact area, such as air gaps due to imperfect probes (resulting lower permittivity values).  
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9. Table for the probe uncertainty: The uncertainty of the probe depending on probe type, size, material 
parameter range and frequency is given in a table. It represents the best measurement capability of 
the specific probe but does not include the material (deviation from the target values). 

10. Appendix with detailed results of all measurements with the uncertainties for the specific 
measurement. In addition to the probe uncertainty (see above), it includes the uncertainty of the 
reference material used for the measurement. A set of results from independent calibrations 
represents the capability of the setup and the lossy materials used, including the precision of the 
measured material and the influence of temperature deviations. Temperature and operator influence 
was minimized and gives a good indication of the achievable repeatability of a measurement. 

11. Summary assessment of the measured deviations and detailed comments if not typical for the probe 
type. 

 
Dielectric probe identification and configuration data 
Item description 

Probe type OCP Open-ended coaxial probe 
Probe name SPEAG Dielectric Assessment Kit DAK-3.5 
Type No SM DAK 040 CA 
Serial No xxxx 
Description Open-ended coaxial probe with flange 

Flange diameter: 19.0 mm 
Dielectric diameter: 3.5 mm 
Material: stainless steel 

Connector 1 PC 3.5 pos. 
Software version DAK Measurement Solver 1.10.321.11 

Calibration Type: Air / short / water (set to measured water temp.) 
Probe type:  “DAK3.5” (software setting) 

Further settings  VNA bandwidth setting: 50 Hz 
 

Accessories 
Cable Huber & Suhner Sucoflex 404, SN: 1695, length 1 m, 

PC3.5 neg. – PC3.5 neg. 
Short DAK-3.5 shorting block, type SM DAK 200 A 

Contact area covered with cleaned Cu stripe 
 

Additional items used during measurements 
Adapter 1 PC3.5 pos.  –  PC2.4 (VNA side)  
Adapter 2 PC3.5 pos.  –  PC3.5 neg.  (probe side) 

 
Notes 
 
• Before the calibration, the connectors of the probe and cable were inspected and cleaned. 
• Probe visual inspection: according to requirements 
• Short inspection: according to the requirements 
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Probe Uncertainty 

The following tables provide material and frequency specific uncertainties (k=2) for the dielectric probe. The 
values in the tables represent the measurement capability for the probe when measuring a material in the 
indicated parameter range. They include all uncertainties of  

• probe system 
• possible systematic errors due to the design 
• calibration 
• temperature differences during the calibration and measurements, as described, 
• VNA noise 

Apart from the material used for the calibration (de-ionized water), material uncertainties of the reference 
materials used during the measurement in Appendix A are not included in these tables.  
 
DAK-3.5         
Permittivity range  Frequency range (sigma / LT range) Unc. (k=2) 
  1 – 15  10 MHz - 20 MHz   --- 
   20 MHz - 200 MHz  --- 
   200 MHz - 3 GHz LT < 0.1 2.4% 
   3 GHz - 6 GHz LT < 0.1 2.0% 
    6 GHz - 20 GHz LT < 0.1 2.1% 
  10 – 40  10 MHz - 20 MHz   --- 
   20 MHz - 200 MHz  --- 
   200 MHz - 3 GHz sigma : 1 – 10 S/m 1.9% 
   3 GHz - 6 GHz sigma : 1 – 10 S/m 2.3% 
    6 GHz - 20 GHz sigma > 10 S/m 3.5% 
  35 – 100  10 MHz - 20 MHz   --- 
   20 MHz - 200 MHz  --- 
   200 MHz - 3 GHz sigma : 1 – 10 S/m 1.8% 
   3 GHz - 6 GHz sigma : 1 – 10 S/m 1.9% 
    6 GHz - 20 GHz sigma > 10 S/m 2.4% 
      
Conductivity range (S/m) Frequency range (epsilon / LT range) Unc. (k=2) 
  1 – 10 10 MHz - 20 MHz  --- 
   20 MHz - 200 MHz  --- 
   200 MHz - 3 GHz eps : 35 - 100 2.7% 
   3 GHz - 6 GHz eps : 35 - 100 3.0% 
    6 GHz - 20 GHz eps : 10 - 40 3.0% 
      
Loss tangent range   Frequency range (epsilon / LT range) Unc. (k=2) 
  < 0.1 10 MHz - 20 MHz  --- 
   20 MHz - 200 MHz  --- 
   200 MHz - 3 GHz eps : 1 - 15 0.03 
   3 GHz - 6 GHz eps : 1 - 15 0.03 
    6 GHz - 20 GHz eps : 1 - 15 0.03 
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Calibration Results 

Uncertainty limits (k=2) for the material measurements in the figures of Appendix A are represented with red 
dashed lines. These uncertainties contain - in addition to probe uncertainty - the uncertainty of the material 
target parameter determination. 
The measurements show the results obtained from independent calibrations for the same material. The 
differences between the individual measurement curves give therefore an indication for the obtainable 
repeatability and shall lie within the uncertainties stated in the tables.  
 
Materials for DAK-3.5 calibration: 
Appendix A with curves for Methanol, HSL, and 0.05 mol/L NaCl solution (200 MHz - 6 GHz, optional 20 
GHz), HS gel and low loss solid substrate are optional. 
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Appendix A:  Detailed Results 
 
A.1 Probe appearance and calibration sequence 
 
A.1.1 Appearance 
 
The OCP appearance is fully according to the expectations: 
 the flange surface is intact 
 
 
A.1.2 Calibration sequence 
 
The following sequence was repeated 3 times in the low frequency range from 200 – 300 MHz in 5 MHz 
steps and in the high frequency range from 300 to 6000 MHz in 50 MHz steps, and from 6 GHz to 20 GHz in 
250 MHz steps. 
 
 Air 
 Short 1 short, then immediate verification with a second short (with eventual repetition) 
 Water  De-ionized water, temperature measured and set in the software (for DAK-12 0.1 mol/L  

saline solution, temperature measured and set in the software) 
 Methanol Pure methanol, temperature measured and set in the software 
 Liquids Measurement of further liquids (e.g. Head tissue simulating liquid and 0.05 mol/l saline) 
 Cleaning Probe washed with water and isopropanol at the end of the sequence. 
 Shorts 4 additional separate short measurements to determine the deviation from the original 
 Refresh Refresh with Air 
 Solid 4 separate solid low loss planar substrate measurements to determine one average  

(optional) 
 Semisolid 4 separate head gel measurements on fresh intact surface to determine one average 

(optional) 
 Cleaning Probe washed with water and isopropanol at the end of the sequence 
 
Evaluation of the additional shorts from the calibrated (ideal) short point at the left edge of the Smith Chart, 
represented as magnitude over the frequency range (fig. 2.1.x) and in polar representation (fig. 2.2.x).  
 
Evaluation of the Liquid measurements and representation of the permittivity and conductivity deviation from 
their reference data at the measurement temperature. The results of each of the 3 calibrations is shown in 
the appendix for each material (fig. 3ff) in black, red, blue. The red dashed line shows the uncertainty of the 
reference material parameter determination. 
 
Evaluation of the Semisolid measurements (optional) by representing the 3 average deviations (each 
resulting from  the 4 separate measurements per set), equivalent to the liquid measurement. Representation 
of the permittivity and conductivity deviation from their reference data at the nominal temperature. 
 
Evaluation of the Solid measurements (optional) by representing the 3 average deviations (each resulting 
from  the 4 separate measurements per set), equivalent to the liquid measurement. Representation of the 
permittivity deviation from their reference data and the loss tangent at the nominal temperature. 
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A.2 Short residual magnitudes 
 
After each of the 3 calibrations with a single short (as per the DAK software), 4 additional separate, short 
measurements were performed after the liquid measurements and evaluated from the S11 data. The 
residuals in the graphs represent the deviation from the ideal short point on the polar representation on the 
VNA screen.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.1a Magnitude of the residual of the shorts, 200 MHz – 20 GHz, after calibration a) 
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Fig. 2.1b Magnitude of the residual of the shorts, 200 MHz – 20 GHz, after calibration b) 
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Fig. 2.1c Magnitude of the residual of the shorts, 200 MHz – 20 GHz, after calibration c) 
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Fig. 2.2a-c Complex representation of the residuals of the shorts, 200 MHz - 20 GHz,  

after calibrations a)-b) in the top and c) in the bottom 
 
 
All shorts have good quality. Some minor deviations might be visible from contact quality (left - right). 
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A.3 Methanol  
Methanol (99.9% pure) was measured at a temperature of 22 +/- 2 °C.  The liquid temperature was 
stabilized within 0.05 °C of the desired temperature. Deviations are presented relative to the nominal 
material parameters at this temperature, calculated from NPL data for this temperature. 
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Fig. 3.1 Methanol permittivity deviation from target, 200 MHz – 20 GHz 
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Fig. 3.2 Methanol conductivity deviation from target, 200 MHz – 20 GHz 

 
Conductivity error can be high at low frequencies due to the low absolute conductivity values. 
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A.4 Head Tissue 
 
Broadband head simulating liquid was measured at a temperature of 22 +/- 2 °C.  The liquid temperature 
was stabilized within 0.05 °C of the desired temperature. Deviations are presented relative to the reference 
data for this material. Those parameters have been evaluated from multiple measurements on the used 
bath with precision reference OCP and further methods. 
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Fig. 4.1 HSL permittivity deviation from target, 200 MHz – 20 GHz 
 

-8.0%

-6.0%

-4.0%

-2.0%

0.0%

2.0%

4.0%

6.0%

8.0%

0 2 4 6 8 10 12 14 16 18 20

D
ev

ia
tio

n 
fr

om
 ta

rg
et

 (%
)

Frequency (GHz)

Conductivity deviation

 
Fig. 4.2 HSL conductivity deviation from target, 200 MHz – 20 GHz 
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A.5 0.05 mol/L NaCl solution 
 
0.05 mol/L NaCl / water solution has a static conductivity of 0.5 S/m, similar to MRI HCL (High Conductivity 
Liquid). It was measured at a temperature of 22 +/- 2 °C.  The liquid temperature was stabilized within 0.05 
°C of the desired temperature. Deviations are presented relative to the reference data for this material. 
These parameters have been derived from the theoretical model according to [7], matched to the 
measurements from reference probes and other sources. 
A quantity of 1 liter was used for the measurement. 
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Fig. 5.1 0.05 mol/L solution permittivity deviation from target, 200 MHz – 20 GHz 
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Fig. 5.2 0.05 mol/L solution conductivity deviation from target, 200 MHz – 20 GHz 
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Appendix B: Nominal parameters of reference materials used for calibration 
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Fig. B.1 Permittivity of reference materials 
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Fig. B.2 Conductivity of reference materials 
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Fig. B.3 Loss tangent of reference materials (substrate << 0.01) 
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