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Abstract—This paper describes the development of a new 

calibration technique for Vector Network Analyzers 

(VNAs) operating in coaxial lines at millimeter-wave 

frequencies. The technique utilizes a new design of primary 

reference standard – the air-dielectric open-circuit. These 

standards are mechanically robust and provide a simple 

route to achieving VNA measurements that are traceable to 

the International System of units (SI). Examples are given 

showing the calibration technique realized in the 1.85 mm 

coaxial line size. Results are presented of reflection 

coefficient measurements made to 70 GHz in this line size.  

 

 
Index Terms—Vector network analysis, calibration and 

measurement, coaxial lines, millimeter-waves, traceability 

to national standards. 

 
 

I. INTRODUCTION 

 

At the present time, traceability for S-parameter 

measurements in coaxial lines at frequencies up to 

50 GHz is achieved routinely by a substantial number of 

National Measurement Institutes (NMIs) around the 

world – see, for example, the Calibration and 

Measurement Capabilities (CMCs) listed in the BIPM 

Key Comparison Database (KCDB) [1]. However, as 

frequencies extend further into the millimeter-wave 

region (i.e. above 50 GHz), the availability of traceable 

S-parameter measurements, via these NMIs, becomes 

very scarce. One reason for this is the lack of availability 

of reliable and mechanically robust primary reference 

standards, and the calibration techniques that 

subsequently use these standards. Calibration techniques 

and standards used up to 50 GHz (e.g. the TRL 

calibration technique [2] that uses air lines as standards 

[3]) become difficult to implement reliably because the 

sizes of the coaxial lines become very small 

(i.e. 1.85 mm for frequencies to 70 GHz, and, 1 mm for 

frequencies to 110 GHz).   

This paper describes the development of a new 

technique for calibrating Vector Network Analyzers 

(VNAs) to enable measurements to be made at 

millimeter-wave frequencies of devices fitted with these 

‘small’ precision coaxial connectors [4]. The calibration 

technique utilizes a new design of primary reference 

standard – the air-dielectric offset open-circuit – that has 

been described elsewhere [5]. These standards are 

mechanically robust and provide a simple route to 

achieving VNA measurements that are traceable to the 

International System of units (SI). Examples are given 

showing the calibration technique realized in the 

1.85 mm coaxial line size [6]. Results are presented of 

reflection coefficient measurements made to 70 GHz in 

this line size.  

 

 

II. AIR OPEN STANDARDS 

 

Unsupported air-dielectric coaxial line offset open-

circuits (or “air opens”, for short) are used as the primary 

reference standards for the new calibration technique. 

Air opens were first introduced in [7], where they were 

proposed as reference standards for reflection 

measurements at millimeter-wave frequencies. Their 

subsequent detailed characterization and verification as 

primary reference standards was described in [5]. 

A schematic diagram of an air open is shown in 

Figure 1. Air opens are well suited as primary reference 

standards because their electromagnetic properties can 

be established from first principles. An air open 

comprises two separate parts – a (truncated) center 

conductor and an outer conductor. The diameters of 

these conductors (that define the characteristic 

impedance of the offset line section of the standard), and 

the length of the center conductor, can therefore be 

determined easily and directly using dimensional 

measurement techniques (such as pneumatic gauging [8] 

and/or laser gauging [9])
1
. This enables traceability to SI 

to be achieved in a straightforward manner (i.e. via 

dimensional measurements traceable to the SI base unit, 

the metre). A recent bilateral comparison, between two 

                                                 
1 In practice, for the 1.85 mm line size, pneumatic gauging is 

used to determine the internal diameter of the outer conductor 

and either pneumatic or laser gauging is used to determine the 

external diameter of the center conductor.  



NMIs, of these dimensional measurements made in the 

1.85 mm line size, has demonstrated the equivalence and 

reliability of such measurements [10]. 

An air open also comprises a frequency dependent 

capacitance that terminates the line section (this is an 

effectively infinite length of air-filled circular waveguide 

beyond cut-off). The properties of these capacitive 

terminations can therefore be calculated from first 

principles (i.e. electromagnetic theory) – see, for 

example [11-13]. 

It is the combination of an easy-to-characterize 

offset line section and a calculable capacitive 

termination that makes these devices ideally suited as 

primary reference standards for S-parameter 

measurements.   

  

 

 

 

 

 

 

 

  

 

 

 
 
 
 
 
Figure 1: Schematic diagram of an air open standard 

 

 

III. CALIBRATION SCHEME DESIGN 

 

The calibration technique proposed in this paper 

represents a specific realization of the so-called 

three-known-loads technique [14]. In this case, the 

‘known loads’ are air opens. Each air open, used with 

this calibration technique, contains a different offset line 

length and so will provide a different value for the phase 

of the voltage reflection coefficient (VRC) at any given 

frequency (ignoring coincident phase values due to 

multiple wavelengths). Since the diameters of the center 

and outer conductors remain nominally the same for all 

air opens in a given coaxial line size, the terminating 

capacitance will also remain the same. Therefore, the 

only significant available variable in designing a 

calibration scheme comprising three air open standards 

is the choice of the offset length of each standard.   

A three-known-loads calibration scheme works 

optimumly when the VRC values for the standards in the 

complex VRC plane are separated as far apart as 

possible. For air opens, the VRCs are all located close to 

the circumference of the unit circle in the VRC plane. 

So, maximum separation occurs when the phase 

differences between the three VRC values are 120º. If 

the difference in offset length between the first and 

second standards is the same as the difference in length 

between the second and third standards then the 

optimum phase separation (i.e. 120º) can be achieved, 

but only at one frequency. Away from this optimum 

condition, the phase separations will become less than 

ideal. In general, all three phases will degenerate to 0º at 

DC and therefore be coincident (i.e. with phase 

differences of 0º). As the frequency increases from DC, 

the differences in phase between the standards (due to 

their different offset lengths) will increase until the 

optimum separation (i.e. 120º) is reached. Above this 

optimum frequency, phase separations will deteriorate 

until eventually two or three of the phase values will 

again become coincident resulting in calibration failure. 

When choosing the offset lengths of the air opens, a 

frequency is chosen (below the maximum operating 

frequency) for optimising the phase separation between 

the calibration standards. In this case, the frequency for 

optimum phase separation was chosen as 50 GHz. 

Although the calibration is optimised at this frequency, it 

is also expected to perform satisfactorily over a wide 

range of frequencies either side of this optimum value. 

The wavelength at 50 GHz is approximately 6 mm. 

Therefore a phase change of 120º will be produced by a 

line length difference of approximately 2 mm. This line 

length difference equates to a there-and-back length 

difference (for a reflection standard) of 1 mm. Therefore, 

if the offset length of the first air open is l mm, then the 

offset lengths of the other two air opens will be (l + 1) 

mm and (l + 2) mm. 

A value for l is chosen taking into account 

mechanical considerations. Any misalignment of the 

center conductor of the air open with respect to the 

center conductor of the measurement reference plane 

will cause the offset line section to become increasingly 

non-concentric as one moves away from the 

measurement reference plane. To minimise this effect, 

the shortest possible length for the offset line section is 

used. Based on this design consideration, a set of air 

opens was realised in both male and female connector 

orientations. The offset lengths of these air opens were 

5 mm, 6 mm and 7 mm. The length of the outer 

conductor for the air opens is chosen so that it extended 

sufficiently beyond the truncation of the center 

conductor to form an effectively infinite length of 

circular waveguide beyond cut-off. On this occasion, the 

length chosen for the outer conductor was 13 mm. 

A method used to predict the useable bandwidth of 

the three-known-loads calibration scheme using three air 

opens has been described in [7]. Based on the above 

choice of offset line lengths, this method predicts a 

useable frequency range for this calibration technique 

from approximately 25 GHz to 70 GHz.  
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IV. CONNECTOR MODELLING 

 

Issues relating to the connection interface between 

the air open standards and the VNA test port have been 

investigated using electromagnetic modelling software 

(i.e. HFSS [15] and CST Microwave Studio [16]). The 

effects of ‘gaps’, or discontinuities, in the center 

conductor of the 1.85 mm coaxial line size, at or near the 

position of the measurement reference plane, have been 

discussed in [17]. Figure 2 shows a schematic view of 

connector modelling for an air open standard with a 

female connector and a nominal offset line length of 

5 mm. The structure of the female connector end 

comprises a slotted female socket, the dimensions of 

which (i.e. slot length, width and finger thickness) have 

been measured dimensionally.  

 

 
 

Figure 2: Schematic view of an air open standard with female connector 
and nominal offset length of 5 mm 

 

On the basis of the model, the effect of a ‘gap’ 

between the two center conductors on the reflection 

characteristics of an air open standard have been 

simulated for various values of ‘gap’ length (i.e. 10 µm, 

20 µm, and 100 µm). Figure 3 shows the simulation 

results, in terms of the magnitude of the reflection 

coefficient as a function of frequency, for a female air 

open standard with a nominal length of 5 mm. 

 

 

 
 

Figure 3: Simulation results of magnitude of reflection coefficient for an air 
open standard with female connector and nominal offset length of 5 mm 

The gap between the center conductors does affect 

the reflection characteristics of the air open, however, 

the effect is very small compared to the overall reflection 

characteristics of the air open standard. For example, the 

maximum difference, in terms of linear reflection 

coefficient, between an air open standard with a gap of 

20 µm and one with no gap is less than 0.0004 at 

55 GHz. Therefore the effect due to center conductor gap 

is considered insignificant compared to other error 

mechanisms contributing to the overall uncertainty in the 

assumed reflection coefficient characteristics of an air 

open standard – see below.  

 

 

V. STANDARDS’ UNCERTAINTIES 

 

The uncertainty in the air open standards, due to 

imperfections (e.g. dimensional tolerances) in the 

realization of the standards, has been estimated for the 

set of air opens described in Section III (i.e. male and 

female connectors with offset lengths of 5 mm, 6 mm 

and 7 mm). This involves using precision dimensional 

measurements to quantify the dimensional tolerances of 

the standards [5]. These ‘input uncertainties’ (i.e. the 

tolerances in the dimensions of the standards) are 

propagated through the functional model used to define 

the standard, thus enabling the uncertainty in the output 

quantity (i.e. the assumed VRC of the standard) to be 

determined. This involves the use of a Monte Carlo 

method [18] to propagate these uncertainties in terms of 

their assumed sizes and probability distributions.  

The functional model is realized by combining the 

S-parameters of the offset line section and the VRC of 

the open-circuit that terminates the line section. The 

S-parameters of the offset line section are calculated 

from electromagnetic transmission line theory. The VRC 

of the open-circuit termination is derived from its 

frequency dependent capacitance [11-13]. 

Table I lists the components of uncertainty (i.e. the 

input quantities) for these air open standards. This table 

also gives experimentally determined values for these 

input quantities for the female 5 mm air open, including 

the dimensional determinations [10]. 

 
Table I: Input uncertainties for an air open standard with female connector 
and nominal offset length of 5 mm 

Quantity 
Average 

(measured) value, 
x 

Standard 
uncertainty, 

u(x) 

External diameter of center 
conductor [mm] 

0.797 6 0.003 3 

Internal diameter of outer 
conductor [mm] 

1.850 7 0.000 6 

Length of center conductor 
[mm] 

4.993 0 0.001 5 

Conductors’ resistivity 

[nΩ∙m] 
200 40 

Relative permittivity 
(at laboratory conditions) [10] 

1.000 649 0.000 020 

 



These input uncertainties are then used to determine 

the uncertainty in the output quantity (i.e. the value of 

the VRC for the air open standard) by performing a 

Monte Carlo simulation a large number of times 

(i.e. 100,000) at discrete frequencies from 5 GHz to 

70 GHz in 5 GHz steps. For example, Figure 4 shows a 

plot of the resulting 100,000 values of the VRC at 

65 GHz together with an ellipse indicating an expanded 

uncertainty at a 95 % level of confidence (using a 

coverage factor, k, of 2.5). The fact that this ellipse is 

rotated significantly with respect to the real and 

imaginary axes of the complex VRC plane indicates that 

there is strong correlation between real and imaginary 

parts of the VRC. In this case, the correlation coefficient 

between the real and imaginary parts was found to be 

approximately -0.7, thus indicating significant negative 

correlation at this frequency.  
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Figure 4: Monte Carlo simulation results of complex-valued reflection 
coefficient at 65 GHz for an air open standard with female connector and 
nominal offset length of 5 mm 

 

 

VI. NETWORK ANALYZER UNCERTAINTIES 

 

For a VNA calibrated using air open standards, the 

uncertainties in the VRCs of the standards used during 

calibration allow the uncertainty in the measurement of 

the VRC of an arbitrary Device Under Test (DUT) made 

using the VNA to be predicted [19, 20]. This produces a 

‘profile’ of uncertainty, over the entire complex VRC 

plane, which indicates the uncertainty that will be 

achieved for devices with any possible value of VRC. 

This will be illustrated in the context of a VNA 

calibration based on female air open calibration 

standards with offset lengths of 5 mm, 6 mm and 7 mm. 

Modelled VRCs for the 5 mm, 6 mm and 7 mm air 

open standards are obtained based on the measured 

physical dimensions of the standards and the measured 

resistivity of its conductors. The uncertainties in the 

modelled VRCs due to the measurement uncertainties in 

the mechanical dimensions and resistivity are estimated 

using a Monte Carlo method, as described in Section V. 

The modelled VRCs and corresponding standard 

uncertainties so obtained at 20, 50 and 70 GHz are 

shown in Table II. The uncertainties represent the radius 

of a circular region of uncertainty in the complex plane. 

 
TABLE II: Modelled VRCs of air opens and corresponding uncertainties 

5 mm air open 6 mm air open 7 mm air open Freq 
(GHz) VRC Uncert VRC Uncert VRC Uncert 

20 
0.2430 

-0.9589j 
0.0006 

-0.5512 
-0.8198j 

0.0012 
-0.9786 
-0.1325j 

0.0012 

50 
0.1861 

+0.9672j 
0.0015 

0.7418 
-0.6469j 

0.0018 
-0.9337 
-0.3016j 

0.0022 

70 
-0.9835 
+0.0155j 

0.0018 
0.9632 

+0.1826j 
0.0022 

-0.9104 
-0.3567j 

0.0025 

 

Based on the modelled VRCs of the standards and 

the corresponding uncertainties, uncertainty profiles can 

be plotted over the complex VRC plane. Figures 5 to 7 

show the uncertainty profiles so obtained at 20 GHz, 

50 GHz and 70 GHz for a VNA calibrated using 5 mm, 

6 mm and 7 mm air open standards. These plots show 

the uncertainty in the measurement of a passive device 

with any value of VRC in the unit disk (i.e. the disk of 

unit radius centred at the origin). The uncertainties do 

not include the effect of repeatability of connection for 

the calibration standards or the device. In the plots, the 

VRCs of the three calibration standards are indicated by 

dots. 

 

 
Figure 5: Surface showing uncertainty in VRC measurements at 20 GHz 

 

At 50 GHz, as can be seen from Figure 6, the three 

calibration standards are approximately equally spaced 

around the unit circle in the complex reflection 

coefficient plane. This is the optimum situation and 

results in relatively low uncertainties in VRC across the 

entire unit disk. At 20 GHz and 70 GHz, as can be seen 

from Figures 5 and 7, the three calibration standards are 

less evenly spaced and this results in higher uncertainties 

in VRC at certain points in the unit disk. Below about 

20 GHz the clustering of the standards on the unit circle 

is such that the resulting uncertainties in the VRC of 

DUTs are considered unacceptably high and so this 

calibration scheme is generally not considered to be 

suitable for use at frequencies below 20 GHz. 



 

 
Figure 6: Surface showing uncertainty in VRC measurements at 50 GHz 

 

 
Figure 7: Surface showing uncertainty in VRC measurements at 70 GHz 

 

 

VII. RESULTS 

 

Figures 8, 9 and 10 show some typical VRC results 

achieved using a VNA calibrated using 5 mm, 6 mm and 

7 mm air open standards. The devices measured were all 

fitted with female 1.85 mm connectors and were as 

follows: 

o A near-matched load; 

o An offset short-circuit; 

o A 9 mm air open. 

 

Also shown for comparison are results obtained for 

the same devices on a VNA calibrated using a 

conventional Thru-Reflect-Line (TRL) technique [21]. 

The uncertainties for the air open results were read off 

from the uncertainty profiles in Figures 5, 6 and 7. These 

are expanded uncertainties at a level of confidence of 

95%. 

The measurements using the TRL and air open 

calibration techniques were made at the same 

frequencies.  However, they are displayed in Figures 8 to 

10 showing a slight offset in frequency to enable the 

measurements to be seen, and therefore compared, more 

easily. 
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Figure 8: Linear magnitude VRC for a near-matched load measured using 
an air open calibration and a TRL calibration 
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Figure 9: Linear magnitude VRC for a short-circuit measured using an air 
open calibration and a TRL calibration 
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Figure 10: Linear magnitude VRC for a 9 mm air open measured using an 
air open calibration and a TRL calibration 
 

 

VIII. CONCLUSION 

 

This paper has described the introduction of a new 

calibration technique for Vector Network Analyzer 

measurements in the 1.85 mm coaxial line size (i.e. for 

measurements to 70 GHz). The technique employs air 

opens as the standards used during calibration. These 



standards are characterized using dimensional 

measurements. The dimensional measurements also 

determine the uncertainty in the realisation of the 

standards, and, their subsequent traceability to SI. The 

calibration scheme design requires that a minimum of 

three air open standards is used at each measurement. 

The length of each air open is chosen carefully to ensure 

broad frequency coverage of the subsequent calibration 

technique.  The uncertainties in the standards are used to 

determine the uncertainties in the measurements made 

by a VNA calibrated using these standards. The resulting 

uncertainties represent a Best Measurement Capability 

(BMC) [22] for the newly developed measurement 

system.  

Subsequent measurements of reflection coefficient 

made using this new system have been compared with 

measurements made with respect to a conventional TRL 

calibration technique. This comparison shows very good 

agreement between the two different calibration 

schemes. At many frequencies, the uncertainties 

obtained using the new calibration technique are 

considerably lower than those achieved using the TRL 

calibration technique. For example, for measurements of 

the near-matched load, the uncertainties (in terms of 

linear magnitude) obtained using the new technique 

range from 0.005 to 0.015 (whereas for the same device, 

the uncertainties for the TRL technique range from 0.012 

to 0.016). This demonstrates that the new calibration 

technique is a suitable candidate to replace the 

conventional TRL technique for these smaller coaxial 

line sizes. This new technique will therefore be further 

developed to enable it to be used to establish primary 

national standard measurement capabilities in these 

‘small’ coaxial line sizes. 
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