
Traceability to National Standards for S-parameter Measurements of 
Devices Fitted with Precision 1.85 mm Coaxial Connectors 

 
Nick M. Ridler 

National Physical Laboratory, Hampton Road, Teddington, TW11 0LW, United Kingdom 
Email: nick.ridler@ieee.org 

 
Abstract—This paper describes a new facility that has been 

introduced recently to provide traceable scattering parameter 
measurements in the precision 1.85 mm coaxial line size. The 
facility uses a Vector Network Analyser (VNA) along with 
reference air lines to calibrate the VNA and hence establish 
the characteristic impedance for the S-parameter 
measurements. Traceability to national standards and the 
International System of units (SI) is achieved via precision 
mechanical measurements of the reference air lines. Some 
typical measurements, with uncertainties, are given showing 
the performance of this measurement facility operating to 
65 GHz. 

 
Index Terms—Vector network analysis, calibration and 

measurement, precision coaxial connectors, millimetre-waves, 
traceability to national standards. 
 

I. INTRODUCTION 

Since the introduction of the precision 1.85 mm coaxial 
connector1 some 20 years ago [1], and its subsequent 
commercialization [2, 3], there has been an increasing 
need for reliable quality assurance techniques for 
measurements2 of devices and equipments fitted with this 
type of connector. Whereas, for most other types of 
precision coaxial connector [4], such assurance has been 
readily available via traceability to national measurement 
standards, such traceability has remained elusive for the 
1.85 mm connector – perhaps due to the difficulties caused 
by the small geometrical sizes of the critical 
electromagnetic component parts of this connector/line 
size. 

                                                           
1 This connector is sometimes referred to as the V-connector. In 
common with most other precision connectors, it has a nominal 
characteristic impedance of 50 ohms. 
 
2 Such measurands include power, attenuation, noise, immittance 
(i.e. impedance and admittance), etc. However, fundamental to 
all these measurands is a need for reliable S-parameter 
measurements.  

However, in recent years, the availability of beadless 
air lines3 in the 1.85 mm coaxial line size has meant that 
traceability to national standards can now be addressed.  
This paper describes a new national standard measurement 
facility that has been introduced in the UK by the National 
Physical Laboratory (NPL) to provide traceable 
S-parameter measurements of devices fitted with 1.85 mm 
precision coaxial connectors. 

II. PIMMS 

The measurement method used by this facility is an 
extension of NPL’s Primary IMpedance Measurement 
System (PIMMS) [7, 8]. This system uses commercially 
available Vector Network Analyzers (VNAs) as measuring 
instruments along with control software running on an 
external PC. The PC is linked to the VNA via a GPIB or 
similar connection. The software sends and receives 
information to and from the VNA (as GPIB commands 
and uncorrected voltage ratios, respectively); provides 
instructions for the VNA operator (for connecting devices 
during both calibration and measurement); performs the 
necessary calculations to implement the VNA calibration 
and measurement algorithms; and, processes data so that 
the overall uncertainty of measurement can be established. 
This uncertainty is evaluated in accordance with 
international guidelines [9] with modifications to account 
for the measurands (i.e. the S-parameters) being 
complex-valued quantities [10].  
 

The measurement strategy uses multiple repeated 
connections of both calibration and measurement devices4 
to enable the size of the random errors affecting both these 
processes to be determined.  The size of the systematic 
errors in the measurement process (e.g. due to 

                                                           
3 Lines of this type (i.e. those without support beads) are well 
suited as primary reference standards of impedance at RF and 
microwave frequencies [5, 6]. 
 
4 Typically, between six and eight repeat connections are made 
of each calibration and measurement device. 



imperfections in the physical properties of the calibration 
standards, VNA detectors’ non-linearity, cross-talk, etc) is 
established by performing separate experiments.5  

III. CALIBRATION STANDARDS AND TECHNIQUES 

PIMMS provides the UK’s national reference for 
S-parameter measurements. It therefore strives to achieve 
the best accuracy from available calibration standards and 
calibration techniques. Since uniform transmission lines 
are fundamental to our understanding of microwave circuit 
theory, the physical realization of such lines (e.g. as 
beadless, unsupported, coaxial air lines) makes an ideal 
choice of reference standard for these measurements. 
 

NPL has acquired two sets of beadless unsupported air 
line standards in the 1.85 mm line size for use with 
PIMMS. One set, manufactured by Rosenberger6, consists 
of insertable lines (containing a male connector at one end 
and a female connector at the other). The other set, 
manufactured by Anritsu7, consists of non-insertable lines 
(containing male connectors at both ends). The 
manufacturer (Anritsu) has stated that male connectors 
were chosen for these non-insertable lines since they are 
easier to manufacture than female connectors and achieve 
better repeatability [11]. This is consistent with the 
recommendations given by Hoer [12] in that it is 
preferable to optimize the performance of the standards 
rather than the VNA test ports. 
 

The calibration techniques supported by PIMMS are 
Thru-Reflect-Line (TRL) [13] and Line-Reflect-Line 
(LRL) [14]. These techniques have been chosen since they 
make optimum use of lines as standards for the 
measurement process. In practice, a combination of both 
TRL and LRL is often used to encompass the relatively 
broad bandwidth (to 65 GHz and beyond)8 supported by 
the 1.85 mm coaxial connector. 
 

                                                           
5 However, the systematic error caused by the less than perfect 
(i.e. finite) conductivity of the conductors of the air line 
standards is evaluated in-situ, during the calibration process - see 
later.  
 
6 The Rosenberger RPC-1.85 calibration kit, LRL version, 
model 08 CK 120-150. 
 
7 The Anritsu model 60559 V LRL calibration kit. 
 
8 The cut-off frequency of the TE11 mode for 1.85 mm lines fitted 
with Laboratory Precision Connectors (LPCs) is quoted as being 
73.3 GHz [4]. 

The Reflect standard in both the TRL and LRL 
calibration techniques is used to provide the same, but not 
necessarily known, value of reflection at each of the 
VNA’s test ports. In practice, the Reflect standard is 
realized using either a short- or open-circuit, which may or 
may not contain an offset length. Only approximate 
knowledge of any offset length is needed to enable a root 
choice to be made in the calibration algorithm. 
Measurement set-ups utilizing the non-insertable lines 
during calibration have an advantage in that the same 
Reflect device is connected, in turn, to both VNA test port 
reference planes. This is therefore more likely to provide 
the required same value of reflection at both of the VNA’s 
reference planes (neglecting errors due to connection 
repeatability and noise). 

IV. CHOOSING CALIBRATION LINE LENGTHS 

In order to achieve the necessary broad bandwidth for 
calibration in this connector type, different pairs of lines 
are needed to provide a suitable ‘effective’ length of line 
for a stable calibration.9 The choice of line lengths follows 
guidance given in [15] relating the phase variation, �, 
caused by each line pair’s effective line length, l, at a 
given frequency, f, according to: 

 
� ≈ (1.2 × 10-6) f l. 

 
Under normal circumstances, the effective line length 

is chosen such that 0º < � < 180º and, if possible, � should 
be kept well within this range. The process for choosing 
the line lengths can be summarized as follows: 

 
i)  Choose the line pair that achieves the maximum 

effective length, for use at the lower part of the 
frequency range. 

 
ii) Choose other line pairs to achieve satisfactory 

phase variation across the remainder of the required 
bandwidth. 

 
iii) Keep the overall number of lines required to a 

minimum, so that the measurement time (and hence 
the cost of the measurements to a customer) is also 
kept to a minimum.  

 
The Anritsu calibration kit contains lines with the 

following lengths: 15.0 mm, 16.7 mm, 18.4 mm, 20.1 mm, 

                                                           
9 The term “effective length” is used here to refer to the 
difference in length between a pair of lines. In the case of a TRL 
calibration, the Thru can be considered as a line with defined 
zero length.  This then forms the first line length for the line pair. 



21.8 mm and 50.0 mm. A detailed evaluation of this type 
of calibration kit has been reported elsewhere [11]. Since 
this kit can only perform LRL calibrations (a Thru 
connection is not possible between two test ports of the 
same sex of connector), the low frequency line pair is 
achieved using the longest and shortest available line 
lengths, i.e. 50.0 mm and 15.0 mm. 

 
The only available line pairs providing acceptable 

phase variation to 70 GHz have an effective length of 
1.7 mm. These pairs are: 15.0 mm and 16.7 mm; 16.7 mm 
and 18.4 mm; 18.4 mm and 20.1 mm; 20.1 mm and 
21.8 mm. Since the 15.0 mm line has already been used to 
form the low frequency line pair, and to minimise the 
overall number of lines used during calibration, the line 
pair comprising the 15.0 mm and 16.7 mm lines becomes 
the preferred choice for the high frequency calibration to 
70 GHz. These line choices are summarized in Table 1. 
 
Table 1: Line choices for the Anritsu non-insertable calibration kit 

Frequency 
range 

Thru 
length 

Line 
length 

Effective 
line 

length 

Approximate 
phase 

variation, �  
 

0.04 to 4 GHz 
 

15 mm 50 mm 35 mm 1.7º to 168º 

 
4 to 70 GHz 

 
15 mm 16.7 mm 1.7 mm 8.2º to 143º 

 
The Rosenberger calibration kit contains lines with the 

following lengths: 13.0 mm, 14.9 mm and 22.6 mm. Since 
these lines can be used to perform TRL calibrations, the 
maximum effective length for low frequency applications 
is achieved using a Thru (i.e. 0 mm line) in conjunction 
with the 22.6 mm line. At higher frequencies, this is 
replaced by an LRL line combination comprising the 13.0 
mm and 14.9 mm lines.  These line choices are 
summarized in Table 2. 
 
Table 2: Line choices for the Rosenberger insertable calibration kit 

Frequency 
range 

Thru 
length 

Line 
length  

Effective 
line 

length 

Approximate 
phase 

variation, � 
 

0.04 to 6 GHz 
 

0 mm 22.6 mm 22.6 mm 1.1º to 163º 

 
6 to 70 GHz 

 
13 mm 14.9 mm 1.9 mm 14º to 160º 

 
Finally, the use of Generalized Distance Regression 

(GDR) techniques, where multiple lines can be employed 
simultaneously during the calibration process (similar to 
[16]), is also currently being investigated for use with this 
facility. 

V. DETERMINING LINE IMPEDANCE 

 
The characteristic impedance achieved by a given air 

line standard will not be exactly 50 ohms. This is due to 
departures from the ideal mechanical dimensions of the 
line and the ideal (infinite) conductivity (or, equivalently, 
the ideal zero resistivity) of the conductors used to realise 
the line. While the actual mechanical dimensions can be 
determined directly from measurement – see later – the 
conductivity/resistivity is more difficult to determine. 
 

The scientific literature [17] suggests that textbook 
values of resistivity are inappropriate for air lines as they 
refer to bulk samples of material whereas a line’s 
conductors have often been formed using composite 
materials that have been electroplated and machined. 
These processes significantly affect the properties of these 
materials. 
 

It has been shown that, at RF and microwave 
frequencies, the characteristic impedance, Z, and 
propagation constant, �, for a given air line can be 
described by the following two models [18]: 

 
Z = g(f, a, b, �r, �r, �)  (1) 

 
� = h(f, a, b, �r, �r, �)  (2) 

where  
 

f = frequency (Hz) 
a = diameter of the line’s center conductor (m) 
b = inner diameter of the line’s outer conductor (m) 
�r = relative permeability of the line’s dielectric 
�r = relative permittivity of the line’s dielectric 
� =  resistivity of the line’s conductors (�.m) 

 
and g and h describe the functional relationship between 
the input and output quantities of the models. 
 

It is relatively straightforward to determine values for 
the inputs f, a, b, �r and �r in (1) and (2): f can be measured 
accurately using a frequency counter; a and b can be 
measured using mechanical measurements – see later; and, 
it is reasonable to assume that �r = 1 and �r ≈ 1 for air10. 
Therefore, if a value for � is available, the line’s 
propagation constant, �, can be calculated using (2).  We 
will call this calculated value, �c. 
 

                                                           
10 More precise values of �r can be calculated based on 
assumptions concerning the composition of the air, the 
temperature, relative humidity and atmospheric pressure [19]. 



Now, the TRL and LRL calibration routines also 
provide an experimental determination of the line’s 
propagation constant. We will call this experimentally 
determined value, �e. Therefore, a root finding procedure 
(based on the Bisection method given in [20]) can be used, 
at each frequency, to determine a value for � such that: 

 
|�c – �e| = � 

 
where � is the tolerance interval defining the stopping 
criterion, and hence the accuracy, of the bisection 
procedure. � is chosen to be negligibly small. 
 

In practice, only the real part of � (i.e. the attenuation 
constant, �) is used to determine a value of � using this 
root finding procedure.  This is because it has been found 
that the experimental determination of the imaginary part 
of � (i.e. the phase constant, 	) is adversely affected by the 
inevitable random errors (due to connector repeatability, 
noise, etc) in the measurement process. Therefore the root 
finding procedure that is actually used is: 

 
|�c – �e| = � 

 
where �c and �e are the calculated and experimentally 
determined values for the attenuation constant, 
respectively. 
 

Since, in the case of an LRL calibration, the line 
referred to earlier is actually a fictitious line whose 
effective length is equal to the difference in length 
between the two lines constituting the LRL line pair, this 
determined value of � is therefore referred to as an 
‘effective’ resistivity. Figure 1 shows a plot of resistivity, 
determined using the method described here, for a line at 
selected frequencies from 5 GHz to 65 GHz. These 
determined values show good agreement with values 
reported elsewhere [21] for other lines in other line sizes. 

 
Having determined a value of �, at each frequency, the 

frequency dependent characteristic impedance, Z, can be 
found using (1).  S-parameters measured by the VNA are 
therefore referenced to this Z. The following 
transformation [22-23] is used to renormalize these 
measured S-parameters, S, to S-parameters, S', referenced 
to a specification characteristic impedance, Z0 (in this case, 
Z0 = (50 + j0) ohms): 
 

)()()()( 11 SISISSIS −Γ−Γ−−=′ −−  
 

 

0

100

200

300

400

5 15 25 35 45 55 65

Frequency (GHz)

R
es

is
tiv

ity
 (n

oh
m

.m
)

Fig 1: Graph showing determinations of resistivity for the 14.9 mm 
Rosenberger air line obtained from five repeated TRL calibrations  

 
where I is the identity matrix and 
 is a diagonal matrix 
whose diagonal elements, 
i, are the reflection coefficients 
due to the change in the characteristic impedances, i.e.: 
 

ZZ
ZZ

i +
−=Γ

0

0 . 

 
S, S', I and 
 are all (2 × 2) matrices, and so i = 1, 2. Note 
that a somewhat simplified version of this transformation 
has also been given in [24].  

VI. ADAPTORS 

Following a successful calibration, adaptors can be 
used to adjust (i.e. re-establish) the calibration reference 
planes.  This follows practices recommended in [12, 14].  
In the case of the female/female non-insertable calibrated 
reference planes achieved using the Anritsu calibration kit, 
these can be converted to male/female insertable reference 
planes by inserting a male/male adaptor between the 
calibrated reference planes. The S-parameters of this 
adaptor are then measured and combined (using cascading 
matrices [25]) with the error box parameters on port 2 of 
the VNA to produce a new error box for port 2 of the 
VNA [14].  The connection between the adaptor and port 
1 of the VNA is then broken so that devices can be 
inserted between these new calibrated reference planes and 
therefore measured. This process is shown in Figure 2. 

 
 
 



 
(a) Non-insertable female/female LRL calibration: 
 
 
 
 
 
 
 
 
 
(b) Calibrated female/female reference planes: 
 
 
 
(c) Insert and measure male/male adaptor: 
 
 
 
(d) Calibrated female/male reference planes: 
 
 
  
 

Fig. 2: Using an adaptor to transform a non-insertable calibration 
into an insertable calibration 

VII. TRACEABILITY TO SI AND UNCERTAINTY OF 
MEASUREMENT  

Traceability to SI is established for the S-parameter 
measurements via mechanical measurements of the air 
lines used during the VNA’s calibration.  (In addition, 
traceability for the frequency of the S-parameter 
measurements is established via an off-air standard used to 
lock the synthesizer in the VNA.) Specifically, 
measurements of the diameters of the lines are made using 
laser gauging techniques11 [26] for the center conductors 
and pneumatic gauging techniques [27-29] for the internal 
diameters of the outer conductors.   

 
The nominal values for these diameters are 1.850 mm 

for the internal diameter of the outer conductor and 
0.803 6 mm for the diameter of the center conductor [4]. 
An analysis of errors affecting the above two measurement 

                                                           
11 This uses the traditional method of optical measurement by 
scanning. A narrow width laser beam scans the measurement 
field at high (known) speed and is collected by a detector. When 
this beam is interrupted by the center conductor (lying 
perpendicular to the direction of the scanning laser), a shadow is 
projected on to the detector.  Measuring the duration of this 
shadow (and the known speed of the scanning laser) gives a 
determination of the diameter of the center conductor. 
 

techniques when measuring diameters of the order of these 
nominal values suggests typically uncertainties of 
measurement12 of ±1.5 �m for the laser gauging technique 
and ±1.8 �m for the air-gauging technique.  These values 
of uncertainty compare favorably with values given 
elsewhere for measurements of these diameter sizes 
[26, 30]. 

 
The measured variations from the nominal values for 

the center and outer conductors, along with the 
uncertainties in these measured variations, provide a 
significant source of uncertainty for the subsequent 
S-parameter measurements.  For example, for the lines 
described in this paper, variations in all diameters were 
found to be within an interval of ±8 �m.  This gives rise to 
an uncertainty in linear reflection coefficient of typically 
0.005 at all frequencies.  

 
Other sources of uncertainty in the S-parameter 

measurements include: the determined resistivity of the 
lines (as described in Section V); the measured lengths of 
the lines; cross talk (isolation) and non-linearity in the 
VNA test set; and, random effects such as the connection 
repeatability of both calibration and measurement devices, 
cable flexing, electrical noise in the VNA and ambient 
environmental stability (i.e. laboratory temperature and 
humidity variations).  These contributions are assessed and 
combined following recommended methods [9, 31], taking 
into account the complex-valued nature and multiplicity of 
the S-parameter measurands [10].  

VIII. DATA VALIDATION 

Before any S-parameter results are processed by the 
system, the collected measurement data is subjected to two 
data validation processes. The first involves examining a 
plot of the determined air lines’ effective resistivity to 
check that it appears plausible (i.e. compares well with 
previous values for a given line or line combination). This 
is designed to check that the air lines have been connected 
successfully during each of the repeated calibration 
processes and that the lines are in good health. A poorly 
connected line shows up as a line with excessive resistivity 
at one or many frequencies.  This can be seen in Figure 3, 
which presents the same data as Figure 1 except a 
calibration containing a poorly connected line has also 
been included. The poorly connected line exhibits 
excessive resistivity (>12 000 n�.m) at 35 GHz. 

 

                                                           
12 These are expanded uncertainties at an estimated level of 
confidence of 95% (using a coverage factor of k = 2) [9].   
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 Fig 3: Showing an excessively high determination of resistivity due 
to a poor connection of an air line 

 
 The second data validation process involves 

examining the scatter in the S-parameter data for each item 
measured after calibration so that any unusual values 
(caused, for example, by a poor connection of a device) 
can be removed prior to processing the data to obtain 
S-parameter results.  For each S-parameter at each 
frequency, the scatter in the data is examined by using a 
z-score approach [32] with two modifications. The first 
modification replaces the conventional mean and standard 
deviation in the z-score calculation with robust estimators: 
namely, the median and Median Absolute Deviation 
(MAD), respectively [33]. The second modification 
recognizes the complex-valued nature of the data and uses 
‘spatial’ estimators of these robust quantities. The 
resulting z-score calculation is given by: 

 

M
S

z i
i ×

µ−=
75.3

 

 
where Si is the ith repeated (measured) value of a  given 
S-parameter, � and M are (spatial) location and scale 
estimators, respectively, and zi is the z-score for Si. The 
factor 3.75 is a combination of two correction factors: one 
(of 1.5) is used to make the (MAD) scale estimator 
consistent with the usual standard deviation scale factor 
for Gaussian distributions; and, the other factor (of 2.5) is 
used to make the scale equivalent to a 95% confidence 
interval for a two-dimensional (i.e. complex-valued) 
measurand. 
 

In this case, the robust spatial location estimator is 
the L1 median13 [34], which is defined as the point in the 
complex plane that minimizes the sum of the absolute 
differences (distances) between individual repeated 
S-parameter values, and its value. Expressed 
mathematically, the L1 median, �, minimizes: 
 

� µ−iS  

 
The L1 median provides an average value that is 

relatively unaffected by the presence of outliers in vector 
data.  (This is analogous with the resilience exhibited by 
the conventional median for scalar data.) 
 
The MAD scale estimator, M, is given by: 
 

µ−= iSM median  
 

and hence provides an ‘average’ distance in the complex 
plane between each repeated value of an S-parameter and 
its L1 median. 
 

The percentage of values of zi > 1 is calculated and 
presented in a table, an example of which is shown in 
Table 3. This table is used to detect potential poor 
connections of both calibration items and measurement 
devices.  For example, if a given column in the table 
contains all relatively high values (say, >20 %) then this 
suggests a poor connection made during calibration, since 
it has affected the S-parameters of all subsequently 
measured devices. If, however, the table contains an 
isolated high value, then this indicates a single poor 
connection of a measurement device. 

 
This data validation process is important since reliable 

connections are very difficult to make in this line size due 
the small size of the component parts of the connectors, 
especially the connection of the unsupported air lines used 
during calibration. 

 
Table 3: showing an example of the percentage of values found to 
be far-removed from the majority of S-parameter values  

 Run 1 Run 2 Run 3 Run 4 Run 5 
20 dB 

attenuator 0 0 29 0 4 

Short on 
port 1 0 0 0 0 0 

Short on 
port 2 0 0 0 0 0 

Thru 
connection 0 18 11 0 0 

                                                           
13 Also known as the Spatial Median [35] and the 
Mediancentre [36].  



IX. SYSTEM VERIFICATION 

 
The verification of the system, after calibration, is 

performed using devices with either ‘known’ 
characteristics or well-established measurement histories. 
In this case, the devices with ‘known’ characteristics are a 
Thru connection, with scattering matrix 

 

��
�

�
��
�

�

+
+
01

10
, 

 
and a pair of flush (i.e. zero offset) short-circuits, with 
scattering matrix: 

 

��
�

�
��
�

�

−
−

10

01
. 

 
Two potential systematic errors that can affect TRL 

and/or LRL calibrations are due to inaccuracies in the 
assumed length of the first Line standard14 and physical 
differences in the Reflect standard causing different 
reflections to be observed at each of the VNA’s test 
ports15. The measurement of a Thru connection is 
particularly useful for verifying measured transmission 
coefficients since, at all frequencies, the magnitudes 
should be equal to one and the phases should be 0º. So, for 
example, following an LRL calibration, a measurement of 
a Thru showing a non-zero value of phase that increases 
with frequency may indicate a length error in the definition 
of the first Line standard. 

 
In a similar fashion, a measurement of a pair of flush 

short-circuits is particularly useful for verifying measured 
reflection coefficients since, at all frequencies, the 
magnitudes should be approximately equal to one and the 
phases should be ±180º.16 On this occasion, a phase 
measurement showing a significant difference from ±180º 
may indicate either a length error in the definition of the 

                                                           
14 This will only affect LRL calibrations, since this length is 
defined as zero for a TRL calibration. Such a length error, if 
present, will induce systematic errors in the measured phases of 
both reflection and transmission coefficients. 
 
15 This will only occur during insertable, sexed, calibrations 
where the Reflect standard can only be realized by using two 
separate devices that, by definition, will have only approximately 
the same value of reflection. Such an error, if present, will 
induce systematic errors in the measured phases of only 
reflection coefficients.    
 
16 Neglecting resistive losses and inductance in the short-circuits. 

first Line standard in an LRL calibration scheme or a 
difference in the offset length of the male and female 
short-circuits used to realize the Reflect standard in an 
insertable, sexed, calibration (either TRL or LRL). 
However, if there were no observed systematic errors in 
the transmission coefficient phases during the previous 
measurement of the Thru device, then systematic errors in 
the measured reflection coefficient phases for a pair of 
flush short-circuits will only be due to errors caused by 
differences in the Reflect standard(s) used during 
calibration. 

 
The device with a well-established measurement 

history is chosen to be a stable, repeatable, 20 dB 
attenuator. All three devices – the Thru, short-circuits and 
20 dB attenuator - are measured each time the facility is 
used to make measurements. In the case of the two 
‘known’ devices, the measurements are compared with 
each element in the above scattering matrices to ensure 
that there is agreement to within the stated uncertainties of 
the measurements. In the case of the 20 dB attenuator, the 
measurements gathered on each occasion are used to 
update an on-going ‘measurement history’ for the device, 
at selected frequencies across the band. This measurement 
history is then used to detect any changes in the 
performance of the measurement facility (either in terms of 
a significant shift in the historical mean values of the 
S-parameters for the device or a change in the historical 
uncertainties of the S-parameters). 

X. RESULTS 

Typical results that have been produced by this 
measurement facility are shown in Tables 4 to 7. The 
uncertainties quoted in all these tables are expressed at an 
estimated level of confidence of 95%. The measurements 
are of the devices used to verify system performance.  In 
particular, Table 4 shows magnitude voltage reflection 
coefficient (VRC) and voltage transmission coefficient 
(VTC) measurements obtained for the 20 dB attenuator. 
These indicate an equivalent return loss uncertainty of 
between -34 dB and -40 dB, and an uncertainty in 
attenuation of typically 0.1 dB for a 20 dB attenuator. 
 

Tables 5 and 6 present results obtained for the Thru 
connection. Table 5 shows that the ‘known’ value of |VRC| 
(i.e. zero) is within the intervals described by the stated 
uncertainty of the measurements at all frequencies. Table 6 
shows that the known values of |VTC| (i.e. unity) and VTC 
phase (i.e. zero) are both within the intervals described by 
the stated uncertainty of the measurements at all 
frequencies. Table 7 presents results obtained for the pair 
of flush short-circuits. This shows that the ‘known’ values 



of |VRC| (i.e. unity) and VRC phase (i.e. ±180º) are both 
within the intervals described by the stated uncertainty of 
the measurements at all frequencies.  
 
TABLE 4: Results for a 20 dB attenuator  
Frequency 
(GHz) 

|VRC| |VRC| 
± uncertainty 

|VTC| |VTC|  
± uncertainty 

5 0.022 0.018 0.0981 0.0010 
20 0.037 0.011 0.0984 0.0010 
35 0.035 0.010 0.1010 0.0011 
50 0.081 0.010 0.1010 0.0011 
65 0.068 0.013 0.0972 0.0012 
 
TABLE 5: VRC results for a Thru connection 
Frequency 
(GHz) 

|S11| |S11|  
± uncertainty 

|S22| |S22| 
± uncertainty 

5 0.0001 0.0137 0.0000 0.0137 
20 0.0004 0.0107 0.0004 0.0107 
35 0.0005 0.0100 0.0003 0.0101 
50 0.0004 0.0096 0.0000 0.0096 
65 0.0002 0.0094 0.0002 0.0094 
 
TABLE 6: VTC results for a Thru connection 
Frequency 
(GHz) 

|VTC| |VTC| 
± uncertainty 

VTC 
phase 

VTC phase  
± uncertainty 

5 1.00002 0.00079 0.00º 0.05º 
20 1.00001 0.00156 -0.02º 0.09º 
35 1.00001 0.00224 -0.04º 0.13º 
50 0.99973 0.00233 -0.04º 0.13º 
65 0.99959 0.00402 -0.05º 0.23º 
 
TABLE 7: VRC results for a pair of flush short-circuits 
Frequency 
(GHz) 

|VRC| |VRC|  
± uncertainty 

VRC 
phase 

VRC phase 
± uncertainty 

5 0.989 0.022 -179.5º 1.3º 
20 0.987 0.034 -178.9º 2.0º 
35 0.981 0.039 -178.8º 2.3º 
50 0.977 0.061 -177.4º 3.6º 
65 0.974 0.081 -177.0º 4.8º 

XI. CONCLUSIONS 

 
This paper has described a new national standard 

measurement facility that has been introduced recently to 
provide traceability for S-parameter measurements in the 
1.85 mm precision coaxial line size. 
 

The results presented in the paper (Tables 4 to 7) 
indicate the following Best Measurement Capability (as 
defined in [37]) for this facility: 

 
|VRC| - uncertainties between 0.01 and 0.02 for low 

reflecting devices  
 

|VTC| - uncertainties between 0.001 and 0.004 (linear 
units) for low values of attenuation (i.e. up to 
20 dB). 

 

 
The uncertainty in phase will vary depending on the 

magnitude of the measured S-parameter and its associated 
uncertainty. As a guide, the following expression [19] can 
be used to determine the likely uncertainty in phase, U(�):  

 

�
�

�

�

�
�

�

�
=ϕ −

S

SU
U

)(
sin)( 1  

 
for a given S-parameter, S, with uncertainty in |S|, U(|S|).  
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