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Abstract—A simple technique is presented that 

significantly improves the performance of some conventional 
Vector Network Analyzer (VNA) calibration routines. This, 
in turn, provides greater accuracy of measurement for the 
calibrated VNA. The technique relies on using ‘traceable’ 
measurements at DC and high frequencies to characterize the 
VNA’s load standard, used during calibration, in terms of 
polynomial fits to the measurement data. The method can be 
applied to calibration schemes that use a load (i.e. a ‘match’) 
to provide an assumed known value of reflection during the 
calibration process (e.g. SOLT, TRM, LRM, etc). The 
method can be implemented in most types of commonly used 
transmission lines (e.g. coaxial line, co-planar waveguide, 
micro-strip, etc). The paper gives results illustrating the 
performance of the technique applied to a VNA operating to 
3 GHz in coaxial line, calibrated using the SOLT technique. 

 
Index Terms—Vector network analysis, calibration and 

measurement, characterized standards, traceability to 
national standards, uncertainty of measurement. 

I. INTRODUCTION 

The calibration of a Vector Network Analyzer (VNA)  
requires connecting a series of devices (called standards) 
to the VNA and, for each standard, observing the response 
of the VNA. The standards are assumed to have either 
known or partially known characteristics. The assumptions 
about the standards’ characteristics together with the 
observed responses of the VNA are used to compute the 
coefficients of the error model used to represent the VNA. 
This process is called calibration. 

In simple situations, the standards are often assumed to 
possess ‘ideal’ characteristics. For example, in a Short-
Open-Load calibration scheme, the short-circuit and open-
circuit standards are assumed to have a linear voltage 
reflection coefficient (VRC) magnitude of one.1 Similarly, 

                                                           
1 The phases of the VRCs are related to the inductance of the 
short-circuit and the capacitance of the open-circuit, and, to any 
line length that may be present in either standard. 

the load standard is assumed to have a linear VRC 
magnitude of zero (i.e. it is assumed to provide a perfect 
match to the ideal characteristic impedance of the 
transmission line). 

For short-circuit and open-circuit standards, such 
assumptions are reasonable for most measurement 
applications. However, the assumption that the load 
standard provides a perfect match can never be realized in 
practice. This is particularly relevant if the load standard is 
a non-precision load. Such a situation causes significant 
residual errors to be present in the VNA after the 
calibration process has been completed and this in turn 
leads to significant errors in all subsequent measurements 
made using the VNA.  

This paper describes a simple method to significantly 
improve the performance of several readily available VNA 
calibration schemes (e.g. SOLT, TRM, LRM, etc)2 [1] by 
using measurement data to ‘characterize’ the load standard 
(also known as a match standard) so that its non-zero, and 
measurable, reflection can be taken into account during the 
calibration process. The load’s characterization is 
summarized in terms of simple polynomial fits to the 
measured data that can be stored for use during the 
calibration process. The fitting process is a simplification 
of that presented in [2, 3]. 

The method works particularly well when the 
calibration load standard provides significant amounts of 
reflection – a condition that is usually associated with poor 
calibration performance. The technique therefore is 
particularly useful where high precision loads may not be 
available or, where it is difficult to realise load standards 
with close to zero linear VRC magnitude. The only 
requirement on the load standard is that the value of 
reflection presented to the VNA during calibration is 
repeatable. This can be achieved through the use of a 
precision connection interface. 

                                                                                               
 
2 SOLT = Short-Open-Load-Thru; TRM = Thru-Reflect-Match; 
LRM = Line-Reflect-Match. 



The performance of the characterization technique is 
illustrated in this paper by showing results obtained of 
measurements to 3 GHz in coaxial lines fitted with 
precision 2.92 mm connectors where the VNA has been 
calibrated using the SOLT technique. The method can 
easily be implemented in other transmission lines 
(e.g. co-planar waveguide, micro-strip, etc) and applied to 
other calibration schemes (e.g. TRM, LRM, etc). 

II. METHOD 

The characterization of the calibration load standard 
involves obtaining traceable measurements on the load, of 
resistance at DC and complex VRC at high frequencies. 
Only relatively modest accuracy is required for the DC 
resistance measurement, e.g. to within a few milliohms, 
and this can be achieved using an off-the-shelf calibrated 
digital ohmmeter.  

A greater degree of accuracy is desirable for the 
complex VRC measurements since these are made over a 
range of frequencies that corresponds closely to the 
subsequent use of the load as a VNA calibration standard. 
In the case described in this paper, NPL’s primary national 
standard impedance measurement system [4] was used for 
the measurements. This system is based on the TRL (Thru-
Reflect-Line) calibration technique [5] and uses coaxial 
unsupported air lines as the impedance references with 
traceability to SI via geometrical dimensions (i.e. the 
diameters of the conductors) of the lines. The system also 
employs impedance renormalization [6] (to correct for the 
low frequency skin depth effect) thus ensuring that 
measurements are stated with respect to the idealized 
characteristic impedance of the line (e.g. (50 + j0) ohms) 
at all frequencies, instead of the actual, frequency 
dependent, characteristic impedance relating to any 
specific air line. 

Two polynomials are then fitted to the (complex) 
measurement data – one for the real part and one for the 
imaginary part of the data – using simple fitting techniques 
(such as those found on commercially available data 
analysis and spreadsheet software packages). Each fit 
includes a value at DC – either derived from the measured 
resistance, for the fit to the real part of the data; or zero, 
for the fit to the imaginary part of the data (defined by the 
reactance at DC).  

The coefficients of the polynomial are then stored so 
that values of complex VRC can be generated 
subsequently at any required frequency and used by the 
VNA during the calibration process. This ensures that a 
close approximation to the actual complex VRC of the 
load is used during calibration.  

III. IMPLEMENTATION 

The LA Techniques LA19-03-01 VNA [7] can be 
supplied with very low cost calibration kits that contain 
non-precision loads (in order to keep the cost down)3. The 
VNA has also been designed so that polynomial 
coefficients for the calibration load standards can be used 
by the instrument firmware. During calibration, the 
operator selects which load standard is to be used so that 
the appropriate polynomial coefficients generate the 
required VRC values. This VNA operates from 3 MHz to 
3 GHz and so the calibration load is characterized 
beforehand over a similar bandwidth.4  

In this case, a third-order polynomial is fitted to each 
of the real and imaginary parts of the measured VRCs and 
the resulting model is then used by the VNA. 

Having characterized one load of each connector 
orientation (i.e. one male and one female), using 
measurements made by NPL, it is straightforward for 
subsequent loads to be characterized with respect to this 
initial load characterization using the VNA as the transfer 
instrument. The process of breeding characterized loads 
from the initial parent load is performed at the 
LA Techniques manufacturing facility. 

IV. RESIDUAL ERROR ASSESSMENTS 

To demonstrate the performance of this technique, 
three different calibration situations have been examined: 

 
Case A – where the load standard is assumed to have a 
linear VRC magnitude of zero (i.e. it’s VRC is not 
characterized using the technique described in this 
paper). This is the simple approach that is often used 
for VNA calibration; 
 
Case B – where the load standard has been 
characterized using the technique described in this 
paper; 
 
Case C – where a mismatch (with a nominal VSWR of 
2.0) has been characterized using the technique 
described in this paper and is then used subsequently as 
the ‘load’ standard during calibration.  
 
In each case, an SOLT calibration is performed on the 

VNA using the above load standard information. Case C 

                                                           
3 These loads are, however, fitted with precision connectors to 
enable very good connection repeatability. 
 
4 However, in practice, NPL’s primary national standard 
impedance measurement system that uses air lines as the 
reference standards has a lower frequency limit of 45 MHz [4]. 



has been included as it represents the situation where the 
load standard is obviously far from the matched condition 
that is usually required for a successful SOLT calibration. 

 The performance of the VNA calibration in the above 
three situations was assessed by performing post-
calibration residual error assessments (of directivity and 
test port match) using the so-called ‘ripple’ technique (as 
described in [8]). This involved connecting to the VNA’s 
calibrated test port, an unsupported air line (in this case, of 
approximately 150 mm in length) fitted with precision 
2.92 mm connectors terminated either in a low reflecting 
device (for determining the residual directivity) or a high 
reflecting device (for determining the residual test port 
match). In each case the maximum size of the residual 
error is determined by observing the largest difference 
between adjacent peaks and toughs of the observed ripple 
response (displayed in terms of linear VRC magnitude), 
and dividing this difference by two [8]. 
 
A.  Calibration using a load standard with assumed zero 

reflection 
 

Figs. 1 and 2 show typical ripple traces that are 
obtained when using the LA Techniques calibration kit 
assuming that the linear VRC magnitude of the load is zero 
(i.e. the load standard is not characterized using the 
technique described in this paper). The associated 
maximum residual directivity and test port match derived 
from these plots are approximately 0.015 and 0.021, 
respectively. (This is equivalent to –36 dB and –34 dB 
return loss, respectively.) 

0.000

0.010

0.020

0.030

0.040

0.050

0 1000 2000 3000

Frequency (MHz)

Li
ne

ar
 V

R
C

 m
ag

ni
tu

de

Fig. 1.  Ripple plot indicating the residual directivity error for a 
calibration using an uncharacterized load standard. 
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Fig. 2.  Ripple plot indicating the residual test port match error 
for a calibration using an uncharacterized load standard. 
 
B.  Calibration using a characterized load standard 
 

Figs. 3 and 4 show typical ripple traces for the same 
calibration kit as before, except the load standard has now 
been characterized using the technique described in this 
paper. In this case, the associated maximum residual 
directivity and test port match errors are now 
approximately 0.0025 (-52 dB) and 0.010 (-40 dB), 
respectively.  
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Fig. 3.  Ripple plot indicating the residual directivity error for a 
calibration using a characterized load standard. 
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Fig. 4.  Ripple plot indicating the residual test port match error 
for a calibration using a characterized load standard. 
 
C.  Calibration using a characterized mismatch standard 
 

As a final test of the method presented in this paper, 
Figs. 5 and 6 show ripple traces that have been obtained 
using a mismatch (with VSWR = 2.0) as the calibration 
‘load’ standard (characterized using the technique 
described in this paper). The associated maximum residual 
directivity and test port match derived from these plots are 
approximately 0.006 (-44 dB) and 0.016 (-36 dB), 
respectively. This shows that respectable values of post-
calibration residual error terms can even be achieved 
under these extreme calibration circumstances.  
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Fig. 5.  Ripple plot indicating the residual directivity error for a 
calibration using a characterized mismatch as the load standard. 
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Fig. 6.  Ripple plot indicating the residual test port match error 
for a calibration using a characterized mismatch as the load 
standard. 

V. RESIDUAL ERROR SUMMARIES 

Table I presents a summary of the residual error terms 
evaluated in the previous section. This table shows that the 
performance of a calibration technique can be significantly 
improved by characterizing the load standard using the 
technique described in this paper. Specifically, the residual 
directivity can be reduced by 16 dB (from -36 dB to 
-52 dB) and the residual test port match can be reduced by 
6 dB (from -34 dB to -40 dB). In addition, respectable 
calibration performance can also be achieved when a 
characterized mismatch is used as the calibration load 
standard. This shows that ‘load’ standards exhibiting very 
poor match can be used as standards if their VRC is 
characterized adequately. 

 
TABLE I 

SUMMARY VALUES OF RESIDUAL DIRECTIVITY AND TEST 
PORT MATCH 

Calibration using: Residual 
error Uncharacterized 

load 
Characterized 

mismatch 
Characterized 

load 
 

Directivity 
0.015 

(-36 dB) 
0.006 

(-44 dB) 
0.002 5 
(-52 dB) 

Test port 
match 

0.021 
(-34 dB) 

0.016 
(-36 dB) 

0.010 
(-40 dB) 

 
By comparison, some previously published values [9] for 
conventional SOLT calibrations (using fixed precision 
loads) in precision 7 mm coaxial line to 18 GHz give 
residual directivities of typically 0.010 (-40 dB) and 
residual test port matches of typically 0.030 (-30 dB). 



VI. UNCERTAINTY/BEST MEASUREMENT CAPABILITY 

From the assessments of post-calibration residual error 
terms, an estimate of the Best Measurement Capability 
(BMC) [10], expressed as the overall expanded 
uncertainty of measurement [11], can be given for a VNA 
calibrated using the characterized load technique described 
in this paper.  

Using the methods described in [8], the following 
expression5 can be used to establish the BMC for the 
linear VRC magnitude, |�|: 

 

�
�
��

�
� Γ+=Γ 2

2
)( MD

k
U  

 
where U(|�|) is the expanded uncertainty in |�|; D and M 
are the estimates for the residual directivity and test port 
match, respectively6; k is the coverage factor. Choosing 
k = 2 provides a level of confidence for the expanded 
uncertainty of approximately 95%.  

Fig. 7 shows a plot of U(|�|) as a function of the 
measured |�| using values of D and M taken from Table I 
for VNA calibration using a characterized load. This 
shows that U(|�|) varies from 0.003 5 to 0.018 as |�| varies 
from 0 to 1.   
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Fig. 7.  BMC expressed as the expanded uncertainty (at an 
estimated 95% level of confidence) in linear VRC magnitude. 

                                                           
5 This expression neglects uncertainty due to residual tracking 
(and non-linearity) errors and random contributions due to 
system and connector repeatability, cable flexure and ambient 
conditions. It is reasonable to do this, in this situation, since 
these contributions will be small compared with the uncertainty 
contributions due to residual directivity and test port match. 
 
6 These residual error terms are assumed to be fully correlated 
(hence they are summed) and represented by U-shaped 
distributions (hence a divisor �2 is used to establish the 
equivalent standard uncertainty).  

 
The equivalent BMC for the phase of the VRC, �, can 

be estimated using [12]: 
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where U(�) is the expanded uncertainty in �. 

Fig. 8 shows a plot of U(�) as a function of the 
measured |�|. This shows that U(�) is typically 1º, for all 
devices with |�| > 0.2, but rises as |�| becomes less than 
0.2. This is to be expected since it becomes increasingly 
difficult to discern the phase of a vector as its magnitude 
diminishes to zero.   
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Fig. 8.  BMC expressed as the expanded uncertainty (at an 
estimated 95% level of confidence) in VRC phase. 

VII. COMPARISON WITH NATIONAL STANDARDS 

A comparison between measurements made by the 
LA Techniques VNA (where the calibration used a 
characterized load) and NPL’s primary national standards 
measurement system is shown in Fig. 9. The device under 
test was a mismatch with nominal VSWR of 2.0 (i.e. a 
VRC magnitude of approximately 0.33). According to 
Fig.7, this will produce a BMC uncertainty of 
approximately 0.005 for the characterized load calibration.  
This value of uncertainty has been included in Fig. 9 and 
indicates that the two sets of measurements are in good 
agreement (i.e. the NPL values are within the uncertainty 
intervals for the LA Techniques values).  
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Fig. 9: comparison of measurements made by an LA Techniques 
VNA with characterized calibration load and NPL’s primary 
national standard system. The error bars represent uncertainty 
intervals (at an estimated 95% level of confidence) for the 
LA Techniques data. 

VIII. CONCLUSIONS 

A method has been presented that significantly 
improves the performance of some VNA calibration 
schemes. The method uses measurement data to 
characterize the load standard so that the VNA uses the 
actual reflection coefficient of the load, at any given 
frequency, during calibration. (Having characterized one 
load standard, it can then be used to characterize other 
load standards using the VNA as the transfer instrument.)  

The technique has been demonstrated using a 
LA Techniques VNA operating in coaxial line from 
3 MHz to 3 GHz using the SOLT calibration scheme. This 
VNA is supplied with very low cost calibration kits that 
contain non-precision load standards. It has been shown 
that the performance of the VNA/calibration kit 
combination can be greatly improved by using the method 
described in this paper – e.g. the residual directivity error 
being reduced from 0.015 (-36 dB) to 0.002 5 (-52 dB). 
More detailed information on the performance of the 
technique applied to the LA Techniques VNA can be 
found in [13].  

Finally, although emphasis has been given to using the 
technique for SOLT calibrations in coaxial line at RF, the 
technique can also be applied advantageously to other 
calibration methods (e.g. TRM, LRM, etc); to other 
transmission media (e.g. microstrip, co-planar waveguide, 
etc); and, at any frequency where loads are used as 
calibration standards with assumed ‘known’ 
characteristics.  
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