
A primary national standard 
millimetric waveguide 

S�parameter measurements 

Recent research and development undertaken at the UK's National Physical Laboratory , Teddington, Middlesex, 
has established a new primary national standard measurement facility for scattering parameters 

at millimetric wavelengths. Graham French and Nick Ridler describe the new system. 

P
rimary national standards of mea
surement are required to establish 
accuracy and reliability for any given 

measurement parameter and configuration. 
Such standards ensure compatibility of 
measurement and harmonisation within the 
international system (SI) of units. Recent re
search and development undertaken at the 
UK's National Physical Laboratory has es-· 
tablished a new primary national standard 
measurement facility for scattering para
meters at millimetric wavelengths. 

The facility has be!:)n implemented using 
rectangular waveguide operating over the 
frequency range 75GHz to 110GHz and 
represents a significant extension of existing 
national standards for S-parameter and im
pedance measurements [1]. This paper de
scribes the new system, including the meth
ods used to calibrate and verify performance, 
and the assessment of the uncertainty of 
measurement. Typical performance figures 
for the new system are also given. 

The measurement system 

The system comprises a commercially avail
able Automatic Network Analyser (ANA) in
terfaced with, and driven by, an external com
puter. The ANA utilises a millimetre-wave 
controller and test set modules fitted with 
waveguide test ports in WG27 /WR1 O/R900 
(also known colloquially as 'W-band'). The 
complete system is shown in figure 1 . 

Algorithms developed at NPL for calibra
tion, measurement and the evaluation of the 
uncertainty of measurement for the ANA are 
stored on the computer. T he computer ex
tracts from the ANA the raw uncorrected 
complex S-parameters for both calibration 
artefacts and devices under test. The un-

Figure 1: The measurement 
system, including ANA, 
millimetre-wave test set 
and external computer 
controller 

corrected S-parameters obtained for the cal
ibration items are used to solve the calibration 
equations for the ANA, thus defining calibra
tion constants which characterise the ANA's 
millimetre-wave network at each given fre
quency. These constants are subsequently 
used by the measurement algorithm to cor
rect the raw scattering parameters obtained 
for the devices under test, producing cor
rected measurement results. An additional 
feature in the computer software allows the 
calibration constants calculated by the com
puter to be fed back into the ANA producing 
a calibrated visual display This has the ad
vantage that an operator can view the screen 
during measurement and make judgements 
about the validity of the measurements in 
progress. Having completed one calibratioh
measurement cycle, the external algorithm re
sets the ANA and the process is repeated. 
Typically between 6 and 1o'repeat measure-

ments are made as part of the evaluation of 
the uncertainty of measurement. 

The method used to calibrate the sys
tem is an extension of the well known 
Through-Reflect-Line (TRL) technique [2]. 
In this case, however, two line standards 
are used to produce a Line-Reflect-Line 
(LRL) scheme [3]. The lengths of the line 
standards are chosen carefully, using the 
methods given in [4], to ensure adequate 
frequency coverage for the complete 
waveguide band. Waveguide spacers with 
nominal lengths of 2mm and 3.07mm are 
used to produce an effective line length of 
1 .07mm in an equivalent TRL scheme. A 
flush short-circuit is used as the Reflect 
standard which is connected during cali
bration to each test port in turn. The Line 
and Reflect standards used with the sys
tem are shown in figure 2. 

One of the potential difficulties with per-
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forming measurements in the millimetric 
waveguide sizes is the likelihood of occasional 
poor connections being made. This can 
often be due to small gaps being produced 
between the flange interfaces due to uneven 
tightening of the flange bolts. Such rare oc
currences can cause a measurement value to 
depart significantly from other replicate values 
gathered during the evaluation of the random 
error effects (as discussed in the next section). 

This system employs a data validation 
technique to identify such spurious mea
surements. The data is checked for con
sistency across all the repeat measure
ments by assigning Z-scores to the indi
vidual data values. AZ-score is defined as 

z = x- x 

(i) 
Figure 2: The Lines and Reflect standards used to calibrate the measurem�nt system 

where x is a particular measurement, xis 
an estimate of the true value of x, such as 
an average value, and er is a measure of 
the scatter of data about the estimated 
true-value (e.g. the standard deviation). 
Thus the Z-score is a figure-of-merit indi
cating the relative consistency with the 
rest of the data in the sample. 

Robust methods based on order statistics 
[5] are used to perform the Z-score calcula
tions. However, since S-parameters are
complex-valued quantities, ordering of val
ues is conceptually difficult, and so robust
spatial estimators [6] have been employed to 
assign Z-scores to the S-parameter mea
surements. This objective assessment of 
the reliability of the measurement data sets
allows spurious values to be excluded from
any subsequent data processing.

Uncertainty of measurement 

The uncertainty of measurement for the 
system is evaluated in accordance with in
ternationally accepted methods [7]. An al
gorithm in the external computer is used to 
evaluate uncertainty contributions. due to 
both random and systematic effects in the 
measurement process. For example, caii
bration and measurement repeatability (both 
random error effects) are analysed statisti
cally by examining the variation in mea
surement values produced by a series of r�
peat calibrations and measurements. The 
contribution due to random electrical noise 
in the system is also evaluated during this 
procedure. By re-calibrating before each 
measurement of the device under test, the 
effects of instrument drift and any instabili
ties present are implicitly included as ran
dom error effects and hence are evaluated 
statistically. Systematic effects, such as re-
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Figure 3: One- and two-port devices used as audit items to verify the system's 
performance 

flections due to departures from ideal in 
the waveguide aperture dimensions of the 
calibration items, are quantified using values 
found in the literature [8]. These effects are 
evaluated empirically in terms of sensitivity 
coefficients [7] of the model used to repre
sent the measurement process. 

Measurement verification 

Measurements made using the system are 
verified by including measurement audit 
items along with the devices being mea
sured. The audit i�ems consist of one-port 
matches and mismatches to verify the re
flection measurements, and two-port at
tenuators to verify the transmission mea
surements. The items used to verify the 
new WG27 system are shown in figure 3. 

Since the audit items are measured 
every time the system is operated, a mea
surement history, or track record, is es
tablished for these devices which is used 
to demonstrate reliability for a given mea-

surement exercise. 
Further assurance in the measurement 

system is achieved by performing com
parisons with precision attenuation mea
surements. For this system, cross-checks 
are made with a modulated sub-carrier at
tenuator calibrator, described in [9]. 

Typical system performance 

Table 1 gives a summary of the typical mag
nitude uncertainties that can be obtained 
with this system. They are quoted as stan
dard uncertainties [7]. For good quality de
vices, the dominant source of uncertainty in 
reflection measurements is the departure 
from ideal in the waveguide aperture dimen
sions of the waveguide spacers used to cal
ibrate the ANA Conversely in transmission 
measurements, measurement repeatability 
is the major uncertainty component. To illus
trate the performance over a wide dynamic 
range, figure 4 shows the magnitude of S11 

and S21 of a slide tuner, with uncertainties, as 
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Figure 4: Measurements of a millimetre-wave slide tuner. 
The error bars indicate the uncertainty in the measurements 

Typical device 

Matched load, IS11 1 = 0 
VSWR 1.5 mismatch, IS11 I = 0.2 
20dB attenuator (IS21 I nominally 0.1) 
40dB attenuator (IS21 I nominally 0.01) 

Magnitude Uncertainty (Linear units) 

Reflection Transmission 

::::; 0.003 
::::; 0.004 
::::; 0.003 
::::; 0.003 

::::; 0.001 
::::; 0.0001 

Table 1: Typical uncertainties for a range of measurement devices 

measured by the system described here. 
Phase uncertainties are calculated on 

the assumption that the distribution of data 
in the complex plane about a mean vector 
is circular, and hence the phase uncertainty 
can. be estimated by 

u(<f>) = sin-1 u(ISij l) 
(ISiil) (2) 

Figure 5: A probe 
station can be used in 
conjunction with the 
ANA system to provide 
measurements of 
on-wafer substrates to 
110GHz 

where u(IS
ij l) is the uncertainty in the 

magnitude of the scattering parameter Sij 

(with i and. j having the values 1 and 2 as 
appropriate). In some instances where the 
uncertainty is greater th?n the magnitude 
of a particular S-parameter, a phase un
certainty of± 180° is assigned. This occurs 
frequently when measuring devices that 
are well matched. 

Future system developments 

The system described in this paper repre
sents one of several developments currently 
in progress for the millimetric impedance 
measurement facilities at NPL. Other devel
opments include broadening the bandwidth 
of measurements in precision coaxial line . 
This will produce measurement capabilities 
for devices fitted with K-connectors (to 
40GHz), GPC-2.4 connectors (to 50GHz), 
and eventually V-connectors (to 60GHz). 

Another signifi9ant development is the 
provision of facilities for measurements to 
be made on coplanar waveguide circuits 
fabricated on gallium arsenide and silicon 
substrates. This facility uses a probe sta
tion in conjunction with the ANA system, 
as shown in figure 5. Initial effort in this area 
is concentrating on developing assurance 
techniques for measurements up to 
50GHz, with subsequent developments to 
extend these methods to 75GHz (via 
WG25 test sets) and then to 110GHz (in
terfacing with the WG27 system). • 
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