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Abstract — This paper discusses the results of an 

interlaboratory comparison of S-parameter measurements with 
the measurement uncertainty evaluated using the dynamic 
uncertainty option within the PNA vector network analyzer from 

Keysight Technologies.  The same devices were measured at two 
different laboratories (NPL, UK, and the University of Surrey, 
UK), which both used a VNA with the dynamic uncertainty option 

installed to perform the measurements.  A number of different 
one- and two-port devices were chosen with a range of different 
values of reflection and transmission coefficients.  The uncertainty 

of the S-parameter measurements have been evaluated for two 
different calibration methods (short-open-load-reciprocal and 
electronic calibration modules) and these are also reported.  The 

investigation was carried out over the frequency range 100 MHz 
to 26 GHz which covers many of today’s RF and microwave 
applications. 

Index Terms — Network Analyzer, S-parameters, Microwave 
Calibration, Dynamic Uncertainty. 

I. INTRODUCTION

All measurements are subject to uncertainty and ideally the 

uncertainty in a measurement should be evaluated and reported 

together with the measurement result.  The evaluation of the 

uncertainty in microwave Scattering Parameter (S-parameter) 

measurements made using a Vector Network Analyzer (VNA) 

is a non-trivial task.  Published guidance documents [1, 2, 3] 

and software [4, 5] to assist users in carrying out this task is 

available.  At the National Physical Laboratory (NPL), UK, 

S-parameters are measured and the uncertainty is evaluated

using the Primary Impedance Microwave Measurements

System (PIMMS) [6].

With advances in computing power within test instruments, 

VNAs are now capable of performing additional functions 

which were not achievable in the past.  Keysight Technologies 

has introduced a “dynamic uncertainty” option [7] on their PNA 

series of network analyzers, which evaluates the uncertainties 

in the measured S-parameters dynamically i.e. in real time and 

displays them on the VNA screen in the form of error bars at 

each frequency together with the S-parameter values. In 

addition, if the S-parameters are displayed on the VNA screen 

in polar format or in Smith chart format, the uncertainty can be 

displayed as an elliptical uncertainty region at each frequency. 

The S-parameters of a series of one- and two-port devices 

under test (DUTs) fitted with precision 3.5 mm coaxial 

connectors were measured at NPL and also at the University of 

Surrey (UoS). At each laboratory, the measurements were 

performed using a VNA running the Keysight dynamic 

uncertainty option [7]. The measurements performed at the two 

laboratories including uncertainties were then compared. 

The remainder of the paper is organized as follows. The 

Keysight dynamic uncertainty option is described in Section II. 

The experimental setups used at the two laboratories for the 

measurement of S-parameters are described in Section III. The 

results are presented in Section IV and Section V draws 

conclusions. 

II. KEYSIGHT DYNAMIC (REAL TIME) UNCERTAINTY OPTION

Three sources of uncertainty are considered by the Keysight 

dynamic uncertainty option [7] as follows: 

• noise in the VNA (noise floor and trace noise);

• cable and connector repeatability;

• the calibration kit.

These three sources of uncertainty need to be characterized

before the dynamic uncertainty option can be used to measure 

S-parameters.

The VNA noise depends on the intermediate frequency (IF)

bandwidth, the source power and the averaging factor set on the 

VNA. The settings used during the noise characterization 

should be within a certain tolerance of those used in the 

measurement (Keysight recommend within a factor of 10 for IF 

bandwidth, within 10 dBm for source power and within a factor 

of 100 for averaging). The noise is characterized on each test 

port by measuring a matched load (to characterize the noise 

floor) and a short-circuit (to characterize the trace noise). 

The cable and connector repeatability characterization 

involve typically 20 repeat measurements of a load and a 

short-circuit on each port. If there is no cable on one of the 

ports, the characterization for that port is for connector 

repeatability only. Between each measurement either the cable 

is moved or the device is removed and reconnected, or both. 

Several calibration kits (including some electronic 

calibration modules (ECal modules)) have been characterized 

by Keysight as “uncertainty calibration kits” for use with the 

dynamic uncertainty option. Each calibration standard in a 

characterized calibration kit is defined by a “.dsd” file which 

contains S-parameters and the corresponding uncertainties. 

Other calibration kits can be characterized by measuring the S-

parameters of the individual calibration standards with 

uncertainties and saving the result as a “.dsd” file. This can be 
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done either using the dynamic uncertainty option calibrated 

with a previously characterized calibration kit or using an 

alternative system. In this paper, we characterized two 

mechanical calibration kits for use with the dynamic 

uncertainty option (one belonging to NPL and the other 

belonging to UoS) by measuring the S-parameters of the 

calibration standards from the kits using the PIMMS facility at 

NPL [6] and then saving the results as “.dsd” files. 

III. EXPERIMENTAL DETAILS 

The following DUTs, fitted with 3.5 mm coaxial connectors, 

were measured at both NPL and UoS: 

• An offset short-circuit  

• A 50 Ω load  

• A 25  Beatty line 

• A 3 dB fixed attenuator 

• A 20 dB fixed attenuator 

• A 40 dB fixed attenuator  

 

These DUTs were selected to cover a large range of reflection 

and transmission coefficients to represent a comprehensive S-

parameter measurement investigation. 

For the measurements, both laboratories used a Keysight 

N5247A PNA-X VNA with the dynamic uncertainty option 

installed and activated. A flexible test port extension cable was 

used on port 2 of the VNAs. The VNA settings were as follows: 

• Frequency: 100 MHz to 26 GHz 

• Frequency step: 50 MHz, below 1 GHz; and, 0.2 GHz, 

above 1 GHz 

• Power: -5 dBm 

• IF Bandwidth: 10 Hz 

• Averaging Factor: 2 

 

Two sets of measurements of the DUTs were made at both 

laboratories. The first using a mechanical calibration kit with a 

short-open-load-reciprocal (SOLR) calibration routine and the 

second using an electronic calibration module (ECal).  The Ecal 

Module was characterized for associated uncertainties by 

Keysight.  The mechanical calibration kits used for the SOLR 

calibration at NPL (Keysight 85052D) and UoS (Maury 

Microwave 8050) were both characterized for uncertainty using 

NPL’s PIMMS facility.  

The VNA dynamic uncertainty option calculates uncertainty 

from three different contributions; (1) VNA noise, (2) port 

connector repeatability which includes any RF cable flexing 

and (3) calibration standards.  The noise was characterized with 

20 repeat measurements of a matched 50  Load and a high 

reflect short-circuit termination on both ports.  The connector 

repeatability was characterized also using a matched 50  load 

and a high reflect short-circuit on both ports.  The position of 

port 2 of the VNA with a flexible RF cable was also varied to 

capture any uncertainty due to the cable movements during the 

measurements. 

 

IV. RESULTS 

The measurement uncertainty was analyzed in real time 

within the VNA using the dynamic uncertainty option [7].  The 

measured S-parameters with uncertainty data were saved using 

the *.u2p file format for all the DUTs.  The measured reflection 

coefficient (S11) and transmission coefficient (S21) for the 

Beatty line are plotted in Figures 1 and 2, respectively.  The 

linear magnitude and phase of the complex S-parameters were 

treated separately and plotted in (a) and (b).  The measured 

linear magnitude and phase uncertainties are plotted in (c) and 

(d) in the two figures.  The results from the two laboratories 

show good agreement between measured S-parameters from 

both calibrations. ECal results show higher uncertainty at 

higher frequency for both magnitude and phase. 

 

 

Fig. 1. Measured reflection coefficient of the Beatty line: (a) 
Magnitude of S11, (b) Phase of S11, (c) Uncertainty in S11 magnitude 
and (d) Uncertainty in S11 phase. 

 

 

Fig. 2. Measured transmission coefficient of the Beatty line: (a) 
Magnitude of S21, (b) Phase of S21, (c) Uncertainty in S21 magnitude 
and (d) Uncertainty in S21 phase. 

The absolute magnitude and phase values plotted in Figures 

1 and 2 are difficult to distinguish as the differences between 

the measurements are quite small.  Therefore, the difference 

between the two laboratories was calculated and is plotted in 

Figures 3 and 4.  It can be seen that the difference using ECal 

(a) 

(c) 

(b) 

(d) 

(a) (b) 

(c) (d) 



measurements in magnitude can exceed 20 mU and is higher 

than SOLR calibrated measurements. The difference in the 

transmission phase is less than 0.05 for both calibration types.  

Fig. 3. Difference between NPL and UoS S11 measurements: 
(a) magnitude and (b) phase.

Fig. 4. Difference between NPL and UoS S21 measurements: 
(a) magnitude and (b) phase.

The normalized error ratio (NER) between the two labs was 

also calculated using (1) 

NER=|
𝑆NPL−𝑆UoS

√𝑈NPL
2+𝑈UoS

2
|  (1) 

where SNPL and SUoS are S-parameter data (magnitude or 

phase) from the two laboratories and UNPL and UUoS are the 

associated uncertainties.   

The NERs for magnitude and phase of the reflection 

coefficient for the Beatty line are plotted in Figure 5 (a) and (b), 

and those for the transmission coefficient are plotted in Figure 

6 (a) and (b).  The NERs for the magnitudes of transmission and 

reflection coefficients are less than 1, which indicates good 

agreement between the magnitude results from the two 

laboratories.  S21 phase also shows good agreement between the 

two laboratories. On the other hand, at some frequencies, the 

NERs for S11 phase does not agreed well. 

Fig. 5. NER values for NPL and UoS S11 measurements: (a) magnitude 
and (b) phase. 

Fig. 6. NER values for NPL and UoS S21 measurements: (a) magnitude 
and (b) phase. 

A similar analysis has been done for all the measured DUTs 

but, due to space limitations, the detailed results are only 

presented for the Beatty line.   

The results from the inter-comparison can be summarized by 

taking the mean of the uncertainty over the measured frequency 

range.  The mean uncertainty of the transmission coefficient 

magnitude and phase for all DUTs is listed in Tables 1 and 2. 

The mean uncertainty of the reflection coefficient magnitude 

and phase for all DUTs is listed in Tables 3 and 4.  The phase 

uncertainty of low reflect DUTs is not listed because these were 

not considered valid comparison parameters. 

Tables 1 to 4 show that there is good agreement in 

uncertainties between the ECal measurements from the two labs 

and between the SOLR measurements from the two labs. 

Uncertainties from ECal calibrated results are generally higher 

than those from SOLR calibrated results. 

The uncertainty values for all DUTs measured using dynamic 

uncertainty option was compared to traditional methods using 

PIMMS.  It was noted that the uncertainty results from the 

traditional (repeat measurements) and dynamic option compare 

very well. 

Table 1. Mean of reflection coefficient magnitude uncertainty (mU). 

DUT ECal SOLR 

NPL UoS NPL  UoS 

-3 dB 5.61 5.62 5.41 5.41 

-20 dB 2.77 2.72 4.58 4.59 

-40 dB 2.82 2.73 4.56 4.59 

Beatty 8.66 8.73 6.73 6.70 

Load 2.74 2.72 4.58 4.59 

Short 10.82 11.52 7.88 7.83 

Table 2. Mean of reflection coefficient phase uncertainty (). 

DUT ECal SOLR 

NPL UoS NPL  UoS 

Beatty 2.26 2.34 1.69 1.69 

Short 0.77 0.77 0.45 0.47 

(a) (b) 

(a) (b) 

(a) (b) 
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Table 3. Mean of transmission coefficient magnitude uncertainty 
(mU).  

DUT ECal SOLR 

NPL UoS NPL  UoS 

-3 dB 2.37 2.34 1.81 1.77 

-20 dB 0.49 0.33 0.44 0.25 

-40 dB 0.03 0.03 0.02 0.02 

Beatty 6.01 6.00 3.71 3.69 

Table 4. Mean of transmission coefficient phase uncertainty (). 

DUT ECal SOLR 

NPL UoS NPL  UoS 

-3 dB 0.31 0.31 0.15 0.15 

-20 dB 0.38 0.31 0.26 0.15 

-40 dB 0.31 0.31 0.15 0.15 

Beatty 0.48 0.48 0.25 0.25 

V. CONCLUSIONS

The dynamic uncertainty option on a state of the art VNA has 

been evaluated using a large selection of DUTs at two 

independent laboratories (NPL and UoS).  Two calibration 

methods (ECal and SOLR) were used in the investigation.   The 

uncertainty of mechanical calibration standards used at the two 

labs is traceable back to UK’s National Measurement Institute, 

impedance standards.  A second calibration method was used 

to show dynamic uncertainty measurements using a typical 

ECal module, which has uncertainty characterized by the 

manufacture. 

The uncertainty of the typical reflection and transmission 

coefficients over 100 MHz to 26 GHz for S-parameters have 

been reported.  From the measured results shows that there is a 

good agreement between the two laboratories for both 

calibration methods.  The results also show that the uncertainty 

from the ECal calibration are often higher than those from the 

SOLR calibration.  The results measured using dynamic 

uncertainty option compares well to uncertainty from a typical 

PIMMS measurement. 

This investigation shows that that primary level calibration 

accuracy, from National Measurement Institutes such as NPL, 

can be transferred to other end-user VNAs (in industry, etc) 

using the dynamic uncertainty application. This will provide 

more efficient, easy-to-implement and reliable uncertainty 

assessments for all VNA end-users.   
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