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Abstract 
 
This paper discusses RF calibration schemes for coaxial one-port vector network analysers other than 
the traditional short-open-load approach.  Before use, the calibration standards are characterised by 
fitting polynomials to measured voltage reflection coefficient values.  Simulated uncertainty profiles 
and example measurement uncertainties are presented for various calibration schemes.  Examples of 
non-SOL schemes and a method of adaptively choosing the best calibration scheme, based on 
minimising the uncertainty of measurement, for a particular device at a particular frequency are also 
presented. 
 
1. Introduction 
 
The measurement of impedance, and impedance related quantities such as voltage reflection 
coefficient (VRC), requires special consideration when the measurement frequency is in the RF 
region (taken here to mean from approximately 10 kHz to 1 GHz).  This is generally due to the 
techniques used at the higher frequencies becoming inappropriate at these longer wavelengths.  
Similarly, low frequency techniques, used below 1 MHz are also unsuitable – for example, because 
the connector configurations are often different (e.g. four-terminal pair connections etc). 
 
The systematic errors in a one-port vector network analyser (VNA) can be quantified by measuring 
three devices of known VRC.  This process is known as “calibration”  [1].  At RF, a common choice 
of three reflection standards for coaxial line measurements is a short-circuit (S), a shielded 
open-circuit (O) and a ‘matched’  load (L).  This leads to the so-called SOL calibration scheme.  Under 
normal circumstances, these standards are usually assumed to exhibit ‘perfect’  behaviour.   
 
For example, the complex-valued VRC of the short-circuit, S, can be assumed to be given by: 
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For a shielded open-circuit, the outer conductor of the coaxial line extends beyond the termination of 
the inner conductor and acts as a circular waveguide below cut-off.  This can be modelled as a 
frequency dependent shunt capacitance, C(f), at the termination of the inner conductor, as follows: 
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where the polynomial coefficients, C0, C1, C2 and C3, can be determined empirically.  The complex-
valued VRC of the open-circuit, O, is therefore given by: 
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where l2 is the offset length of the open- �������� ���!�" �#$!%�&('�)�*� �+'��-,.��&�/� �&�)���01'�)�2 Z0 is the characteristic 
impedance of the coaxial line. 
 
The complex-3�4�5�6�7�8-9;:(<>=�?@4�AB4�C�D�E�7�8F5=�4�8�G L, is given by: 
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This value of VRC is used if the calibration load is assumed to be perfectly matched.  
 
In this paper, some generalised VNA calibration schemes (i.e. calibration schemes other than SOL) 
are discussed for use at RF.  These schemes are based on characterising the calibration standards by 
means of polynomial fits to measured complex-valued VRC data.  Simulated uncertainty profiles are 
presented for some example calibration schemes and some measurement results (with uncertainties), 
obtained from such schemes, are given. 
 
2. SOL calibration scheme 
 
Previous papers [2, 3] described an RF impedance measurement system based on a one-port VNA in 
which the short-circuit, open-circuit and matched load calibration standards are each characterised by 
a least squares polynomial fit to measured data.  The polynomial fit is based on VRC measurements at 
multiple RF frequencies and either a simple model of the DC behaviour of the standard (for a 
short-circuit or an open-circuit) or a DC resistance measurement (for a matched load). 
 
The polynomial fits allow the complex-valued VRC of the standards and the corresponding 
uncertainties to be determined at frequencies between DC and the maximum RF measurement 
frequency.  The VRC measurements at RF are carried out using a two-port VNA calibrated by means 
of a TRL [4] calibration scheme.  This scheme is based on the use of a reflectionless, uniform length 
of transmission line which can be verified by dimensional measurements and a one-port device (such 
as a short-circuit or open-circuit) whose VRC only needs to be known approximately.  The use of 
TRL is not practical at lower RF frequencies because of the length of line needed and so here the 
polynomial fits are used to obtain interpolated VRC values. 
 
The surface plotted in Figure 1 represents the contribution to the uncertainty in VRC measured on a 
VNA due to the uncertainty in the calibration standards for a short-open-load calibration scheme.  The 
dots indicate the locations of the calibration standards in the complex VRC plane.  The uncertainty for 
devices on or near the real axis is only slightly greater than that of the standards.  However, for 
devices on the edge of the unit disc and close to the imaginary axis, the uncertainty is more than three 
times that of the standards.  This uncertainty profile is only approximate as it is derived assuming a 
linear error model for the VNA [5]. 
 
The SOL calibration scheme has two main disadvantages: 
 

(i) there are regions of the unit disc, away from the real axis, where the uncertainties are 
relatively high, as can be seen in Figure 1; 

(ii) because implicit assumptions are made about the calibration standards’  VRC values, it is 
not always feasible to obtain independent, reliable, measurements of short-circuits, 
open-circuits and matched loads1. 

 
For these reasons it is worth considering generalised calibration schemes involving calibration 
standards other than short-circuits, open-circuits and matched loads. 

                                                     
1  This is particularly true when the standards are assumed to be ‘perfect’ .  The issue becomes debateable when 
the standards are characterised individually; for example, using a polynomial fit. 



 
Figure 1: Uncertainty profile for a calibration scheme using a short-circuit, open-circuit and matched load as 
standards. 

 
3. Generalised calibration schemes 
 
The procedure described above for characterising short-circuits, open-circuits and matched loads for 
use as VNA calibration standards at RF can be applied to any arbitrary one-port device.  A 
polynomial fit is obtained based on VRC measurements at RF and a resistance measurement at DC. 
 
Any potential calibration standard must have the following properties: 
 

(i) The magnitude of the VRC lies between 0 and 1; 
(ii) At DC, the VRC lies on the positive or negative real axis in the complex plane; 
(iii) By Foster’s reactance theorem [6], the reactance is an increasing function of frequency, 

which corresponds to clockwise rotation about the origin in the complex VRC plane with 
increasing frequency.  The corresponding VRC must vary smoothly with frequency.  

 
Two generalised calibration standards are considered in this paper.  These consist of a 3 dB matching 
attenuator terminated by a short-circuit and a 3 dB matching attenuator terminated by a shielded 
open-circuit.  These devices each have a VRC magnitude of approximately 0.5.  In each case, the 
attenuator has a length of approximately 75 mm, resulting in a phase change in the VRC of 
approximately 180° between DC and 1 GHz. 
 



In order to illustrate the concept of a generalised calibration scheme, the following devices were 
characterised for use as calibration standards by obtaining polynomial fits to their VRCs as described 
above: 
 

(i) short-circuit; 
(ii) open-circuit; 
(iii) matched load; 
(iv) 3 dB matching attenuator terminated by a short-circuit; 
(v) 3 dB matching attenuator terminated by an open-circuit. 

 
The typical uncertainty in the real and imaginary parts of VRC obtained by evaluating the resulting 
polynomial fits is of the order of 0.003 (at a 95% level of confidence) for all of these devices. 
 
There are ten possible generalised calibration schemes based on the above five devices (equal to the 
number of ways of choosing three items from five).  Of these, three will be discussed here: 
 

(i) SOL; 
(ii) short-circuit and the two ‘generalised’  calibration standards involving a 3 dB matching 

attenuator; 
(iii) matched load and the two ‘generalised’  calibration standards involving a 3 dB matching 

attenuator. 
 
Figures 2 to 5 show simulated uncertainty profiles for calibration schemes (ii) and (iii) at DC and 
500 MHz.  Table 1 gives a ‘ five point summary’  of the uncertainty profiles in Figures 1 to 5 in the 
form of uncertainty values at the following points in the complex VRC plane (+1, 0), (0, 0), (-1, 0), 
(0, +1), (0, -1). 
 

Figure (+1, 0) (0, 0) (-1, 0) (0, +1) (0, -1) 
1 
2 
3 
4 
5 

0.0030 
0.0150 
0.0150 
0.0210 
0.0284 

0.0030 
0.0050 
0.0033 
0.0030 
0.0030 

0.0030 
0.0030 
0.0030 
0.0210 
0.0284 

0.0102 
0.0176 
0.0094 
0.0284 
0.0210 

0.0102 
0.0176 
0.0094 
0.0284 
0.0210 

Table 1: Five point summary of uncertainty profiles.  For each profile, the height of the surface (uncertainty) is 
listed at the five points (+1, 0), (0, 0), (-1, 0), (0, +1), (0, -1). 

 
4. Example measurement uncertainties based on generalised calibration schemes 
 
4.1 Example 1 
 
A device with VRC equal to (-0.27, -0.47) was measured at 500 MHz.  This is in the region where the 
uncertainties for a SOL calibration are expected to be relatively high.  The VNA was calibrated using 
schemes (i), (ii) and (iii).  The corresponding simulated uncertainty profiles are shown in Figures 1, 3 
and 5.  The simulated and measured uncertainties obtained for the device are shown in Table 2.  
Calibration scheme (ii) gives the lowest uncertainties.  When calculating the simulated uncertainties, 
the uncertainty in the VRC for all the calibration standards is taken to be 0.003.  This is typically the 
uncertainty (at a 95% level of confidence) in the real and imaginary parts of the VRC of the 
calibration standards obtained by evaluating the polynomial fits. 
 
 
 



 
Figure 2: Uncertainty profile for a calibration scheme using a short-circuit and the two ‘generalised’ calibration 
standards involving a 3 dB matching attenuator, at DC. 

 
Figure 3:  Uncertainty profile for a calibration scheme using a short-circuit and the two ‘generalised’ calibration 
standards involving a 3 dB attenuator, at 500 MHz. 



 
Figure 4: Uncertainty profile for a calibration scheme using a matched load and the two ‘generalised’ calibration 
standards involving a 3 dB matching attenuator, at DC. 

 

 
Figure 5: Uncertainty profile for a calibration scheme using a matched load and the two ‘generalised’ calibration 
standards involving a 3 dB matching attenuator, at 500 MHz. 

 



 
Calibration scheme Simulated uncertainty2 Measured uncertainty 

(i) 
(ii) 
(iii) 

0.0053 
0.0036 
0.0074 

0.0030 
0.0024 
0.0040 

Table 2: Simulated and measured uncertainties for the device in Example 1. 

 
4.2 Example 2 
 
An open-circuit was measured (as an ‘unknown’  device, or, a ‘device under test’ ) at 30 kHz.  It was 
mentioned earlier that when measuring an open-circuit as an ‘unknown’  device, it is desirable not to 
use an SOL calibration.  The VNA was therefore calibrated using only calibration schemes (ii) and 
(iii).  The corresponding simulated uncertainty profiles are similar to the profiles at DC shown in 
Figures 2 and 4. The simulated and measured uncertainties for the open-circuit are given in Table 3.  
Calibration scheme (ii) again gives the lowest uncertainties.  In this case, the uncertainties for 
calibration scheme (ii) are still relatively high suggesting that this is not the ideal calibration scheme 
for measuring open-circuits. 

 
Calibration scheme Simulated uncertainty Measured uncertainty3 

(ii) 
(iii) 

0.015 
0.021 

0.031 
0.039 

Table 3: Simulated and measured uncertainties for the open-circuit in Example 2. 

 
5. Adaptive choice of calibration scheme 
 
As the frequency changes, the VRC of any device being measured will vary within the unit disc.  For 
example, the VRC of the device in Example 1, which is (-0.27, -0.47) at 500 MHz, moves towards the 
real axis as the frequency increases.  This suggests that a single calibration scheme will not give 
optimum uncertainties at all frequencies. 
 
If n (n > 3) standards are used during the calibration process, this gives nC3 possible calibration 
schemes that can be used to perform the calibration on the VNA (i.e. each time choosing three 
standards from n standards) where the binomial coefficient is given by: 
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This provides opportunity to omit conventional standards (i.e. short-circuits, open-circuits and loads) 
from the calibration scheme.  Subsequently, short-circuits, open-circuits and loads can be measured 
independently of any assumptions (and errors in those assumptions) that were previously required 
when defining these devices as standards. 
 
Section 3 outlined a situation where five calibration items were used during the measurement process.  
Table 4 illustrates all possible permutations of calibration schemes (labelled A to J) that can be 
realised by selecting three devices, from these five devices, to act as the calibration standards.   

                                                     
2 Values of uncertainty produced by the simulator are only approximate.  They are intended only to indicate 
trends in the general behaviour of the calibration schemes being considered. 
  
3 In general, and in this case specifically, the uncertainties in the real and imaginary components of VRC can be 
different.  Under these circumstances, for conciseness, only the larger of the uncertainty values is given. 



 
Calibration 

scheme label 
Short Open Load  Short-circuited 

3 dB attenuator 
Open-circuited 
3 dB attenuator 

A H  I  J    
B K  L   M   
C N  O    P  
D Q   R  S   
E T   U   V  
F W    X  Y  
G  Z  [  \   
H  ]  ^   _  
I  `   a  b  
J   c  d  e  

Table 4: List of all possible calibration schemes based on the devices presented in Section 3. 

 
In principle, each of these calibration schemes will achieve different measurement uncertainties at 
each frequency and for each point in the complex VRC plane (for example, as shown previously in 
Figures 1 to 5).  This behaviour is illustrated in Table 5 for uncertainties obtained for a single device, 
measured with respect to each of the ten calibration schemes, at 1 MHz and 500 MHz.  The Short, 
Open, Load calibration (i.e. scheme A) gives the lowest uncertainty for the device at 1 MHz.  
However, calibration scheme I (using an open-circuit and the two terminated 3 dB attenuators as 
standards) gives the lowest uncertainty for the device at 500 MHz. 
 
Therefore, a process of selecting calibration schemes can be employed based on choosing the scheme 
that achieves the ‘best’  (i.e. lowest) available uncertainty for the measurement of a particular device at 
a particular frequency.  Such a process makes an ‘adaptive’  choice of standards based on optimising 
the performance of all the VNA measurements.  An adaptive calibration routine of this type has been 
implemented whereby a computer calculates all VRC results obtainable from all possible 
permutations of candidate calibration standards, and selects the particular combination of standards 
for each device being measured, at each frequency, for optimum performance.  This produces an 
automatic adaptive calibration procedure for the VNA. 
 

Calibration scheme label 
Measurement uncertainty for a 

device with nominal VRC of 
(+0.981, -0.191) at 1 MHz 

Measurement uncertainty for a 
device with nominal VRC of 

(+0.042, +0.029) at 500 MHz 
A 0.0039 0.0024 
B 0.0079 0.0027 
C 0.0060 0.0022 
D 0.0323 0.0027 
E 0.0719 0.0024 
F 0.0293 0.0019 
G 0.0107 0.0025 
H 0.0047 0.0022 
I 0.0086 0.0018 
J 0.0368 0.0025 

Table 5: VRC uncertainties achieved for a device measured with respect to each calibration scheme at two 
selected frequencies. 

 
Finally, it is interesting to note that, in Table 5, calibration scheme F (using a short-circuit along with 
the two terminated 3 dB attenuators) achieves an uncertainty of 0.0019 at 500 MHz, which is 
comparable with the uncertainty of 0.0018 achieved by scheme I (using an open-circuit along with the 
two terminated 3 dB attenuators).  The similarities in the uncertainties achieved by these two schemes 
may be due to certain similarities present in the VRCs of the calibration standards for these schemes 
along with the nominal value of VRC being measured.  In particular, both schemes use the two 
terminated 3 dB attenuators as standards, accompanied by either a short-circuit or open-circuit 
standard.  These standards therefore provide the same calibration points in the complex VRC plane, 
except that the open-circuit is nominally 180º away from the position of the short-circuit (or visa 



versa).  In addition, the device being measured has a nominal value, at 500 MHz, which is close to the 
origin in the complex VRC plane.  The symmetry present in this arrangement of standards and 
measurement device in the complex plane may account for the resulting similarity in the performance 
achieved by these two calibration schemes.  Further work will be needed to substantiate any 
generalisations based on these observations, and this may impact on the development of further 
standards for future, specific, applications. 
 
6. Conclusion 
 
A method of implementing generalised RF calibration schemes for one-port VNAs has been 
described.  Simulated uncertainty profiles have been presented as a guide to deciding the suitability of 
the proposed calibration schemes.  Some example measurement uncertainties have been given based 
on generalised calibration schemes.  A method of adaptively choosing the ‘best’  calibration scheme 
(in terms of minimising the uncertainty achieved by the scheme), for a particular device at a particular 
frequency, has also been presented. 
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