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ABSTRACT 
 
This paper reviews developments that have taken place in recent years in the field of RF and microwave impedance 
measurement.  The review is based exclusively on developments made at the UK’s National Physical Laboratory (NPL) 
during the past three years.  The main emphasis is for measurements at the very highest levels of accuracy used to 
realise primary national standards for complex impedance and related quantities (including S-parameters).  The 
emerging use of the Internet in metrology is also discussed with regard to uses in support of RF and microwave 
impedance measurement. 
 
INTRODUCTION 
 
In recent years, much research and development has been undertaken in the field of RF and microwave impedance 
measurement.  This paper gives a review of some of the scientific and technological developments that have been made 
in this field at NPL, during the period 1999 to date.  The main emphasis is on high accuracy measurements used to 
realise primary national standards for impedance quantities, and other related quantities such as reflection and 
transmission coeff icients, etc. 
 
The review begins by discussing the instrumentation, types of transmission line and reference standards that are used to 
realise these measurement capabili ties.  The traceabili ty mechanisms currently in place for RF and microwave 
impedance measurement are then presented, along with recent work undertaken to evaluate the uncertainty in the 
measurement of these complex-valued quantities.  In addition, the developing use of the Internet in metrology is 
discussed with regard to on-line services being put in place for the RF and microwave impedance measurements 
community.  The paper concludes with a look at current technology groups actively promoting the development of 
these, and similar, technologies.    
 
INSTRUMENTATION 
 
In recent years, the Automatic Network Analyser (ANA) has come to dominate the field of impedance measurement for 
almost all RF, microwave and millimetre-wave applications.  In a similar way, such instruments are now used 
extensively at National Metrology Institutes (NMIs) to realise primary standards for impedance, and related, quantities.  
At NPL, a range of ANAs is used to provide traceable complex S-parameter measurements for one- and two-port 
devices from 30 kHz to 110 GHz.  This currently requires at least two such ANAs, although additional ANAs are often 
used to provide overlapping frequency coverage across this broad bandwidth.  These instruments are operated using an 
external PC to control the measurement, and this enables NPL-designed calibration and measurement algorithms to be 
incorporated into the measurement process.  This feature is very useful when evaluating the uncertainty of measurement 
achieved with each ANA using the appropriate set of reference (i.e. calibration) artefacts.    
 
TRANSMISSION LINES 
 
The preferred transmission media for realising primary national impedance standards are coaxial li ne and rectangular 
waveguide.  An earlier review of UK impedance facili ties [1] described the systems and measurement capabili ties 
available previously (i.e. in 1999) for these transmission lines.  Recent developments made since 1999 are outlined 
below. 
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Coaxial line 
 
Facili ties for two smaller precision coaxial li ne sizes have been included to extend the range of measurement 
frequencies offered by these services, i.e. to 40 GHz using the 2.92 mm connector, and to 50 GHz using the 2.4 mm 
connector.  Both these line sizes produce a nominal characteristic impedance of 50 ohms.  Typical values for the 
uncertainty of measurement achieved to date using these new facili ties are summarised in Table 1. 
 
Table 1.  Typical values for the uncertainty of measurement for S-parameters of one- and two-port coaxial devices 

Connector type  Frequency range 

Uncertainty in transmission 
coefficient linear magnitude for 

nominal transmission of 0.1 
(i.e. 20 dB) 

Uncertainty in reflection 
coefficient linear magnitude for 

low reflection devices 

2.92 mm 45 MHz to 40 GHz 0.0001 to 0.004 0.007 to 0.02 
2.4 mm 45 MHz to 50 GHz 0.0001  to 0.006 0.006 to 0.013 

 
Rectangular waveguide 
 
In a similar way, three smaller rectangular waveguide sizes have been included to extend the range of measurement 
frequencies offered by these services, i.e. to 50 GHz, 75 GHz and 110 GHz.  Typical values for the uncertainty of 
measurement achieved to date for these waveguide sizes is summarised in Table 2. 
 
Table 2.  Typical values for the uncertainty of measurement for S-parameters of one- and two-port waveguide devices 

Waveguide size Frequency range 

Uncertainty in transmission 
coefficient linear magnitude for 

nominal transmission of 0.1 
(i.e. 20 dB) 

Uncertainty in reflection 
coefficient linear magnitude for 

low reflection devices 

R400/WR22/WG23 33 GHz to 50 GHz 0.001 to 0.002  0.003 to 0.009  
R620/WR15/WG25 50 GHz to 75 GHz 0.001 to 0.002  0.005 to 0.006  
R900/WR10/WG27 75 GHz to 110 GHz 0.003 to 0.007  0.006 to 0.009  

 
REFERENCE STANDARDS 
 
RF, microwave and millimetre-wave impedance 
 
The reference standards for coaxial and waveguide measurements at RF, microwave and millimetre-wave frequencies 
are realised using precision lengths of transmission line of the appropriate dimensions to achieve the required 
characteristic impedance.  For coaxial li nes, 50 ohms is used for the characteristic impedance and this is achieved using 
precision reference air dielectric lines (i.e. lines containing no dielectric support beads).  For waveguide lines, the 
characteristic impedance is referred to ideal waveguide having the correct aperture dimensions and shape, as specified 
in [2]. 
 
These standards are used from 45 MHz to 110 GHz and are employed in TRL [3] and LRL [4] calibration schemes for 
the ANAs.  This provides a measurement capabili ty for one- and two-port devices in most of the commercially available 
line sizes used for high precision impedance measurement. 
 
IF impedance 
 
The reference standards used at Intermediate Frequencies (IF), i.e. from 30 kHz to 45 MHz, are coaxial one-port 
devices realised using short-circuit, open-circuit and 50 ohm ‘matched’ terminations.  These devices are characterised 
using interpolation schemes [5, 6] applied to measurement data obtained for each termination at DC and RF (i.e. from 
45 MHz to 1 GHz).  In addition, generalised calibration schemes have been implemented [7] whereby additional 
standards can be used during the calibration process to further reduce the uncertainty of measurement [8].  This 
provides a measurement capabili ty for one-port devices fitted with precision coaxial connectors in the 14 mm, 7 mm 
(including Type-N) and 3.5 mm 50 ohm line sizes. 
 



TRACEABILITY AND UNCERTAINTY OF MEASUREMENT 
 
Traceabili ty for national standard impedance measurements at RF and microwave frequencies is achieved principally 
with reference to the SI base units of the metre and the second.  In the case of the metre, this is established through 
dimensional measurements made on the transmission line reference standards (using, for example, air-gauging 
techniques [9]).  In the case of the second (or its reciprocal unit, the Hertz), this is achieved by phase-locking the 
ANA’s synthesized source to an external 10 MHz reference generated from an off-air frequency standard. 
 
The overall uncertainty of measurement is evaluated in accordance with internationally recommended guidelines [10] 
with extensions to accommodate the complex nature of the impedance measurands [11].  This involves using covariance 
matrices to represent the uncertainty, and enables any correlation between the components of the complex-valued 
measurands to be quantified. 
 
MEASUREMENTS OVER THE INTERNET 
 
A recent development in the field of RF and microwave impedance measurement is the use of the Internet to confer 
traceabili ty in a highly eff icient manner to measurements made at locations remote to the primary national standard 
facili ties.  This is achieved by controlli ng a client’s ANA using the same calibration and measurement algorithms that 
are used to operate NPL’s primary national measurement standard facili ties.  These algorithms are made accessible to 
the client from a server PC over the Internet.  In this case, the transmission line reference standards reside with, and are 
owned by, the client, with the lines’ characteristics (and traceabili ty information) being stored in the server database.  
More detailed information concerning this new facili ty has been reported in [12]. 
 
TECHNOLOGY GROUPS  
 
An important feature with the ANA systems used currently to provide high accuracy impedance measurements at RF 
and microwave frequencies, is that the operating principles of these instruments are extremely complicated and an 
in-depth knowledge of these principles often eludes the practitioner.  This has led to the establishment of a technology 
forum, called ANAMET (www.npl.co.uk/anamet), which is aimed at addressing these issues.  Among the many 
activities coordinated by ANAMET is a measurement assurance programme that enables practitioners to compare their 
measurement capabili ties and techniques with other ANA users.  Many different types of measurement are included in 
this assurance programme (see, for example, [13]).  The activities of ANAMET are complimentary to other technology 
groups, organised by other interested parties, which include impedance measurement and network analysis within their 
field of interest – such as ARMMS (www.armms.org) and ARFTG (www.arftg.org). 
 
CONCLUSIONS 
 
This paper has presented a review of activities related to RF impedance measurement.  The review has concentrated on 
recent developments (during the past three years) made concerning high precision measurements appropriate for the 
realisation of primary national measurement standards and their traceabili ty.  This review has been based exclusively on 
progress made at NPL, recognising that related and complimentary advances have been, and continue to be, made at 
other NMIs throughout the world.  
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