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FOCUSED 

ISSUE FEATURE

The Trace Is  
on Measurements

I 
n recent years, there has been a growing interest in 
the use of frequencies in the higher millimeter-wave 
and lower submillimeter-wave regions (i.e., typically, 
from 100 GHz to 1 THz, or thereabouts). This is being 
driven, for example, by new developments in elec-

tronics that are opening up this area of the electromagnetic 
spectrum for new end-user applications (e.g., related to THz 
electronics [1], communications [2], and other areas [3]).

At the present time, this part of the spectrum is 
beyond the operating frequencies of most national mea-
surement institutes (NMIs) offering measurements (e.g., 
S-parameters, power, etc) for high-frequency electronics 
applications. One of the roles of NMIs is to provide mea-

surement assurance through the provision of capabilities 
that offer high accuracy and also traceability of measure-
ment to the international systems of units (SI) (see “What 
Is Traceability?”). This ensures that these measurements 
are harmonized with all other measurements within the 
SI. This means that such measurements can be compared 
meaningfully with other measurements and demon-
strated as equivalent. This is vital for the industry to have 
confidence in measurements and specifications. It is also 
very important for customer/supplier relationships and 
where products need to be demonstrated as compliant to 
specifications, directives, etc, regardless of who is doing 
the testing, or where the tests are being done. 
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In response to this need for measurement assurance 
and traceability at frequencies above 110 GHz, a partner-
ship between the University of Leeds and the National 
Physical Laboratory (NPL) in the United Kingdom is 
putting in place reference standards and facilities that 
provide measurements that are both very accurate and 
traceable to SI. Essentially, millimeter-wave vector net-
work analyzers (VNAs) at the University of Leeds are 
calibrated using standards and calibration routines sup-
plied by NPL. Staff at both NPL and the University of 
Leeds are involved in carrying out the research neces-
sary to implement these measurement systems.

This article summarizes this work to date. Three 
aspects of this work are presented:

 • 110–330 GHz system architecture—complete sys-
tems development in three waveguide bands

 • system verification at millimeter- and submillime-
ter-wave frequencies

 • extension to submillimeter-wave frequencies—750– 
1,100 GHz. 

The work described in this article is complementing 
work being done at several other NMIs—for example, at 
the National Institute of Standards and Technology (NIST) 
in the United States [5], [6], at Physikalisch-Technische 
Bundesanstalt (PTB) in Germany [7], at A*STAR, Singapore 
[8], and the National Metrology Institute of Japan (NMIJ), 
Japan [9], [10]. This is demonstrating an international 
awareness of the need to establish a framework of reliable 
measurement capability for end-users on a global scale.

110–330 GHz System Architecture 
To date, the NPL/University of Leeds partnership has 
established measurement facilities (providing traceability 

to SI) in three waveguide bands: i) WR-06 (110–170 GHz); 
ii) WR-05 (140–220 GHz); and iii) WR-03 (220–330 GHz). 
These facilities comprise a single VNA (an Agilent Tech-
nologies 8510C VNA) and a pair of millimeter-wave exten-
sion modules (supplied by Oleson Microwave Labs (OML) 
[11]) for each waveguide band. Each pair of extension 
modules forms a complete S-parameter test set operating 
over each waveguide band. The test port signal is obtained 
using harmonic multipliers inside each extension mod-
ule. Harmonic mixers are then used to down-convert the 
test and reference signals for the receiver using a second 
(phase locked) synthesized source as the local oscillator 
(LO). The millimeter-wave modules are connected to the 
VNA via a dedicated controller that manages the routing 
and conditioning of the RF, LO, and IF signals.

The measurement method used by this facility is an 
extension of NPL’s Primary Impedance Measurement 
System (PIMMS) [12]. This system uses commercially 
available VNAs as the measuring instrument along 
with control software running on a computer connected 
directly to the VNA. The software sends and receives 
information to and from the VNA, provides instruc-
tions for the VNA operator (for connecting devices 
during calibration and measurement), performs the 
necessary calculations to implement the VNA calibra-
tion and measurement algorithms, and processes data 
so that the overall uncertainty in the measurements can 
be obtained (see “What Is Uncertainty?).

The uncertainty in the VNA measurements is evalu-
ated in accordance with international guidelines [14] 
with modifications to account for the S-parameters being 
complex-valued quantities [15]. Here, the measurement 
strategy makes use of multiple repeated connections to 

What Is Traceability?
The official definition of the term metrological 
traceability [4, subsec. 2.41] is “property of a 
measurement result whereby the result can be 
related to a reference through a documented 
unbroken chain of calibrations, each contributing to 
the measurement uncertainty.”

In plain English: a measurement is made traceable 
by ensuring the measuring instrument is calibrated 
(or checked) using certified reference standards. 
These standards are themselves usually calibrated (or 
checked) against other references that may be owned 
by or situated at another organization (e.g., a certified 
standards lab). This process of “linking” standards 
through comparison continues until the standard 
is that which is owned by an NMI (such as NIST in 
the United States or NPL in the United Kingdom). 
These national standards are themselves periodically 
checked against other nations’ national standards to 
ensure that all the standards can be linked and shown 
to be equivalent.

One of the benefits of this international equivalence 
is that traceable measurements, made anywhere in the 
world, can be compared since these measurements 
are linked to common references (i.e., national and/
or international standards). This traceability property 
is vitally important for international trade because it 
means that customers, suppliers, and regulation bodies 
can use traceable measurements, together with their 
uncertainties, knowing that they are equivalent with 
other traceable measurements.

In this traceability process, the ultimate standards 
are those that are used to define the base 
quantities (and units) used within the SI. The base 
quantities (and their units) are: length (meter), mass 
(kilogram), time (second), electric current (ampere), 
thermodynamic temperature (kelvin), amount of 
substance (mole), and luminous intensity (candela). 
The whole process of global traceability is managed 
by the International Bureau of Weights and Measures 
(BIPM)—www.bipm.org.
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enable the size of the random errors affecting the mea-
surements to be determined. This is done by statistically 
analyzing the repeated measurements (in terms of stan-
dard deviation, etc.) for both items used in calibration 
and measurement. The size of the systematic errors in 
the measurement process (for example, due to imperfec-
tions in the physical properties of the calibration stan-
dards, nonlinearity in the VNA detectors, signal leakage 
between the VNA test ports, etc.) is determined by per-
forming separate experiments. 

Standards and Calibration 
PIMMS provides the United Kingdom’s national ref-
erence for S-parameter measurements. It therefore 
strives to achieve the best available accuracy from the 
VNA hardware, calibration standards, and calibration 
techniques. Since the behavior of uniform sections of 
transmission line are well understood from funda-
mental electromagnetic theory, physical realizations of 
these lines (as precisely machined sections of air-filled 
waveguide) make an ideal choice of reference standard 
for these measurements.

NPL has acquired precise waveguide sections in 
all three waveguide sizes (WR-06, WR-05, WR-03) 
that are suitable for use with PIMMS. The calibra-
tion techniques supported by PIMMS are through-
reflect-line (TRL) [16] and line-reflect-line (LRL) [17]. 
These techniques have been chosen since they make 
optimum use of the lines as standards for the cali-
bration process.

TRL and LRL are also self-calibration techniques that 
do not require all standards to be fully known [18]. It is 
only the first standard (i.e., the through in a TRL calibra-

tion, or the first line standard in an LRL calibration) that 
needs to be known to a high degree of precision. This is 
generally a safe assumption to make for a through con-
nection. For the properties of a line to be fully known, the 
line must first be characterized using dimensional mea-
surements—in particular, to determine the length of the 
line. The inevitable errors in the dimensional measure-
ments (since all measurements contain errors to some 
extent) will lead to errors in the assumed characteristics 
of the line standard. At frequencies well below 110 GHz 
(where wavelengths are comparatively large), it is safe to 
assume that such dimensional errors will be insignificant 
compared with the accuracy required. At these higher 
frequencies (i.e., above 110 GHz), where wavelengths are 
comparatively short, this assumption becomes less reli-
able. This is because the dimensional errors can become 
a significant fraction of a wavelength and hence a wave-
guide line cannot be defined well enough to be consid-
ered a known standard in the calibration.

For this reason, the LRL calibration technique is not 
used with PIMMS at these higher millimeter-wave fre-
quencies. Instead, a version of TRL has been developed 
that makes use of phase changes that are greater than 
those usually used with conventional TRL. In a conven-
tional TRL calibration, the length of the line standard is 
chosen so that it provides typically a quarter-wave (90°) 
phase change (i.e., midway between 0° and 180°), with 
respect to the through connection at around the wave-
guide mid-band frequency. In the TRL calibration scheme 
used here, two lines are chosen to give phase changes that 
are between 180° and 360° (i.e., around 270°, three-quarter-
wave, mid-band). In particular, a longer line is used for the 
lower frequencies of the waveguide band, and a shorter 

What Is Uncertainty?
The official definition of the term measurement 
uncertainty [4, subsec. 2.26] is “nonnegative 
parameter characterizing the dispersion of the 
quantity values being attributed to the measurand 
based on the information used.”

In plain English: the uncertainty in a measurement 
is a number that indicates the amount of doubt 
there is about the reliability (i.e., accuracy) of a 
measurement result. The number is usually preceded 
by a ! sign, like this: x y! , where x  is the result of 
the measurement and y  is the uncertainty in the 
result. If y is large, then this indicates that x is not a 
very reliable result—if y  is small, then x  is considered 
to be a reliable result.

The uncertainty also indicates a range within 
which the “true” value of the quantity being 
measured is expected to lie. So, x y!  indicates that 
the true value of x is expected to be somewhere 
between x y-  and x y+  (at a specific probability). 
This can be very helpful when using a result to 

assess compliance of a product to a test limit or 
specification.

Finally, uncertainty plays an essential role when 
establishing traceability because it allows two results 
to be meaningfully compared, i.e., checked against 
each other. Consider a simple example: If result x1

has uncertainty y1  and result x2  has uncertainty ,y2

then these two results can be considered equivalent 
(i.e., in agreement with each other), if the two ranges 
described by x y1 1!  and x y2 2!  show a significant 
amount of overlap. For example, the result 7 2!  
describes a range of values from 5 to 9; the result 
9 3!  describes a range of values from 6 to 12. These 
two ranges have significant overlap (i.e., the intervals 
overlap each other between 6 and 9) and so the 
results, 7 2!  and 9 3! , are generally considered to 
be in reasonably good agreement with each other.  

A more in-depth discussion about uncertainty, 
including what it is, why it is important, and how to 
evaluate it, can be found in [13].
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line is used at the higher frequencies of the band. Both 
lines are considerably longer than the quarter-wave line 
used with conventional TRL. This means that the lines 
are much more mechanically robust than conventional 
quarter-wave lines and so less likely to be damaged dur-
ing handling and use. This approach to TRL calibration 
at higher millimeter-wave frequencies has been described 
in detail in [19]. The approach leads to the choice of line 
lengths for the WR-06, WR-05, and WR-03 bands shown 
in Table 1. This table also shows that there is a range of fre-
quencies (e.g., from 129 GHz to 133 GHz for WR-06) where 
both lines can provide suitable calibration. In practice, a 
frequency is chosen within this range to change from 
using one line to the other. (For example, 131 GHz is used 
as the changeover frequency for WR-06.)

The TRL calibration technique also uses a reflect 
standard. In practice, the reflect is realized using a 
flush short-circuit, which is connected, in turn, to both 
VNA waveguide test ports.

Figure 1 shows a photo of the two three-quarter-
wave-line standards that are used for the WR-06 band. 
This photo also shows that each line includes a metal 
tab that allows the standard to be handled easily with-
out touching the waveguide flange faces.

Dimensional Metrology
Traceability to SI is established for the S-parameter 
measurements via dimensional measurements of the 
waveguide line standards. Specifically, measurements 
of the waveguide apertures and the alignment holes 
on the flange faces are made using a Zeiss F25 coordi-
nate measuring machine (CMM) fitted with a 0.3-mm 
diameter ball tip microstylus. Each standard is mea-
sured by positioning it on the CMM with the aperture 
axis aligned vertically, as shown in Figure 2.

During measurement, a local coordinate system is 
set up on the line: the origin x y z 0= = =^ h is set as 
one corner of the waveguide rectangular aperture, one 
long edge of the aperture is set as the x-axis, and z 0=  
is set as the top surface of the flange face. The broad 

and narrow wall dimensions of the rectangular aper-
ture are measured at a series of approximately equally 
spaced points across the aperture. The resulting two-
dimensional (2-D) grid of measurements is repeated at 
different depths inside the aperture to produce a three-
dimensional (3-D) set of data points that characterize 
each waveguide line. Each measurement run is repeated 
a number of times to evaluate the random errors in 
the measurement process. The uncertainty for these 
dimensional measurements is determined using refer-
ence gauge blocks [20]. A stack of three gauge blocks is 
wrung together to create a small channel with the same 
nominal dimensions as the waveguide aperture being 
measured. Using the principles described in [20], the 
standard uncertainty in these measurements is typically 
slightly less than 200 nm (i.e., 0.2 nm).

Precision dimensional measurements are usually 
defined with respect to a nominal laboratory operat-
ing temperature of 20 °C. On the other hand, preci-
sion electrical measurements are usually defined at a 
nominal temperature of 23 °C. Effects due to this tem-
perature difference can be corrected for, e.g., by using 
knowledge about the thermal coefficient of expansion 
of the waveguide material. 

Table 1. line lengths for three-quarter-wave TRl 
calibrations in the WR-06, WR-05, and WR-03 
waveguide bands.

Usable Frequency 
Range (GHz)

Waveguide 
Size

TRL 3/4-Wave Line 
Lengths (mm) Minimum Maximum

WR-06 2.81 110 133

(110–170 GHz) 1.91 129 170

WR-05 2.22 140 169

(140–220 GHz) 1.47 166 220

WR-03 1.29 220 274

(220–330 GHz) 1.00 246 330

Figure 1. Two three-quarter-wave TRL line standards for 
the WR-06 band. (Courtesy of NPL.) 

Figure 2. The CMM measuring the aperture of a 
waveguide line standard using a ball tip microstylus. 
(Courtesy of NPL.)
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Electromagnetic Modeling
In order to understand how deviations in the nominal 
dimensions of the waveguides impact on the accuracy of 
the VNA calibration, it is necessary to convert dimensional 
deviations into their equivalent electrical form (e.g., the 
amount of reflection that is generated by the lack of perfec-
tion in the standards). To do this, 3-D electromagnetic sim-
ulation software (e.g., CST Microwave Studio [21]) is used.

The simulation comprises two sections of waveguide 
that are joined together along a common plane of sym-
metry. One of the waveguides has a rectangular cross 
section with internal dimensions equal to the wave-
guide’s nominal values; the other waveguide has a rect-
angular cross section with dimensions that are either 
undersized or oversized with respect to the nominal 
dimensions by amounts determined during the dimen-
sional characterization described above. The two sec-
tions of waveguide are fitted together in a symmetrical 
way. A typical cross-sectional view of the transition 
used in the calculations is shown in Figure 3.

Errors and Uncertainty
In order to specify the performance of the measurement 
system, uncertainty budgets are constructed showing the 
likely size of uncertainty contributions due to all the ran-
dom and systematic errors in the system. For example, 
random errors are caused by lack of perfect flange con-
nection repeatability (during both calibration and mea-
surement), noise in the instrumentation, etc. Systematic 
errors are caused by residual terms in the error model, 
crosstalk/isolation, detector nonlinearity, etc. Detailed 
uncertainty budgets for each of these systems have been 
published in [22]–[24]. Only a brief summary of these 
uncertainty contributions will be discussed here.

For reflection measurements, the principal sources 
of uncertainty are due to imperfections in the calibra-
tion standards (including flange misalignment) and 
flange connection repeatability. The dimensional mea-
surements and electromagnetic modeling are used to 
quantify the uncertainty due to imperfect calibration 
standards. Flange connection repeatability is evaluated 
by making repeated measurements of the same device. 
For transmission measurements, the principal sources of 
uncertainty are due to isolation/crosstalk, detectors’ non-
linearity, residual mismatches, and flange connection 
repeatability [25]. As an example, the isolation/crosstalk 
is determined by observing transmission (i.e., S21  and 
S12 ) when both VNA ports are terminated with low 

reflecting loads. Typical results are shown in Figure 4. 
The VNA’s IF bandwidth is 10 kHz, and the averaging 
factor was set to 4,096 for these measurements. The nomi-
nal port power levels are -20 dBm for the WR-06 system, 
and -25 dBm for the WR-05 and WR-03 systems.

System Verification
Until recently, it has been very difficult to determine 
whether a given VNA has any measurable nonlinearity 

Perfect Rectangular
Waveguide

Imperfect (Oversized) 
Rectangular Waveguide

Symmetry Plane 

Transition Plane Perfectly Conducting

ll

Figure 3. A cross section of the waveguide transition 
used in the reflection coefficient calculations. The amount 
of oversize has been exaggerated. The transition to an 
undersized waveguide is similar.
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Figure 4. Isolation assessment (measured S21  and S12 ) for the 
three waveguide systems: (a) WR-06, (b) WR-05, and (c) WR-03.
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errors at these higher millimeter- and submillimeter-
wave frequencies. This is because devices providing 
known steps of attenuation have not been readily avail-
able. In addition, verifying overall system performance 
after successful calibration has also been challenging 
(due to the lack of readily available VNA verification 
kits at these frequencies). 

Progress has recently been made to address these 
problems. A new form of standard has been devel-
oped that comprises a straight section of waveguide 
(e.g., the TRL line standards discussed earlier in this 
article) that is orientated during connection such that 
the waveguide aperture is at right-angles to the wave-
guide apertures on the VNA test ports [7], [26]. This 
cross-connected waveguide (or cross-guide, for short) 
forms a section of waveguide that is effectively below 
cut-off, and so its loss can be predicted from electro-
magnetic theory, e.g., using 3-D electromagnetic simu-
lation software (such as CST Microwave Studio). 

A cross-guide device can be connected to the VNA 
after calibration to verify the VNA’s performance by 
comparing the VNA results with values predicted by 
simulation software or with measured values supplied 
by another laboratory (such as a standards laboratory). 
The level of agreement is established by comparing 
the difference between the two sets of results with the 
uncertainty in the results. In addition, a series of several 
cross-guides (providing difference values of transmis-
sion coefficient) can be used to detect any nonlinearity 
inherent in the VNA (i.e., by observing any change in 
measurement error as a function of measured transmis-
sion). For example, Figure 5 shows the measured and 
modeled values of transmission coefficient for two dif-
ferent lengths of cross-guide in WR-05: 0.54 mm and 
1.47 mm. Figure 6 illustrates the concept of a cross-con-
nected waveguide, and Figure 7 illustrates the connec-
tion strategy for these cross-guide lines. Other types of 
devices would be required to generate values in other 
parts of the complex S-parameter measurement planes.

Extension to Submillimeter-Wave Frequencies
The University of Leeds has recently acquired an addi-
tional VNA equipped with submillimeter-wave extender 
heads. The new VNA is based around Agilent’s PNA-X 
and is used to drive extender heads in the WM-250 [27] 
(also known as WR-01) waveguide band, which operates 
from 750 GHz to 1,100 GHz. A photograph of this system 
is shown in Figure 8.

The submillimeter-wave extender heads are manu-
factured by Virginia Diodes, Inc (VDI). Test port signals 
are generated by harmonic multipliers, and the test and 
reference signals are obtained from subharmonic mixers. 
The power of the submillimeter-wave stimulus signal 
applied to the device under test (DUT) is typically around 
-35 dBm (0.3 nW). The PNA-X provides the required RF 
drive and LO signals, and processes the down-converted 
IF signals to obtain the measurement ratios. 
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Figure 6. An illustration showing the concept of a cross-
connected waveguide or cross-guide. (Courtesy of NPL.)

Figure 8. The new VNA system that provides measurements 
in waveguide from 750 GHz to 1,100 GHz. (Courtesy of 
University of Leeds.)

(a) (b)

Figure 7. (a) A conventional waveguide test port and  
(b) a waveguide line orientated as a cross-connected 
waveguide (so that its aperture is rotated 90° with respect 
to the test port aperture). (Courtesy of NPL.)
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The strategy described earlier for the millimeter-
wave bands (110–330 GHz) is now being developed and 
extended for use at submillimeter-wave frequencies 
with the new VNA providing the hardware platform for 
these latest developments. Some initial tests have been 
made on the system, similar to those used to evaluate 
the millimeter-wave systems. For example, Figure 9 
shows the isolation/crosstalk achieved using this new 
system. On this occasion, the VNA’s IF bandwidth was 
set to 30 Hz and no numerical averaging was used.

Flange repeatability is expected to be a major source 
of measurement error for waveguides used at these fre-
quencies. (The aperture size for a WM-250 waveguide is 
250 nm # 125 nm. In other words, the aperture is very 
small.) Some repeatability assessments have been made 
using the system, with preliminary results shown in 
Table 2(a). This table gives, at regular frequencies across 
the band, the experimental standard deviation in the 
magnitude of the reflection coefficient, ,s C^ h  deter-
mined from 12 repeated disconnects/reconnects of i) a 
near-matched load and ii) an offset short-circuit, both in 
the WM-250 band. The standard deviation, ,s C^ h  is cal-
culated according to the following formula

s
n 1

1
k

k

n

1

2

C C C
-

-=
=

^ h / ,

where n  is the number of repeat measurements (n 12=  
here), kC  (k 1=  to 12) are the repeat measurements of 
the complex-valued reflection coefficient and C  is the 
complex-valued mean reflection coefficient.

During this repeatability assessment, the flange on 
the DUT was maintained with the same orientation with 
respect to the VNA test port flange (i.e., it was deliber-
ately not inverted, as this would introduce an additional 
source of variability in the measurements). The table 
shows that the s C^ h values for the near-matched load 
remain fairly constant at approximately 0.01 across the 

band. The s C^ h values for the offset short-circuit are 
much higher, ranging from approximately 0.14 at the low 
frequency end of the band (if 750 GHz can be called low 
frequency) to approximately 0.08 at the high-frequency 
end of the band. 

These s C^ h values can be compared with s C^ h 
values presented in [23], where a similar flange repeat-
ability assessment was made in the WR-05 waveguide 
band (140–220 GHz). The WR-05 repeatability values are 
reproduced here in Table 2(b). This table shows that the 
s C^ h values for the near-matched load in WR-05 (like 
those for the near-matched load in WM-250) remain 
fairly constant across the band, but the WR-05 values are 
approximately 0.002 (which is five times smaller than the 
s C^ h values for the near-matched load in WM-250). The 
s C^ h values for the offset short-circuit in WR-05 are, on 
average, around about 0.008. This is generally more than 
ten times smaller than the s C^ h values for the offset 
short-circuit in WM-250. This decrease in repeatability 
is most likely due to the WM-250 waveguide aperture 
being much smaller than the WR-05 aperture, while 
the dimensional tolerance errors affecting the flange  

Table 2. Values of experimental standard deviation in the magnitude of the reflection coefficient  
versus frequency for a near-matched load and an offset short circuit, in two waveguide bands. 

(a) WM-250 (750–1,100 GHz)
Standard Deviation, s C^ h

(b) WR-05 (140–220 GHz)
Standard Deviation, s C^ h

Frequency 
(GHz) Near-Matched Load

Offset Short 
Circuit Frequency (GHz) Near-Matched Load

Offset Short 
Circuit

750 0.011 7 0.135 5 140 0.002 7 0.006 0

800 0.011 6 0.120 2 150 0.002 2 0.005 8

850 0.010 2 0.101 0 160 0.002 4 0.005 9

900 0.008 7 0.092 6 170 0.001 4 0.006 7

950 0.008 4 0.088 3 180 0.002 1 0.007 4

1,000 0.008 6 0.081 0 190 0.003 1 0.008 6

1,050 0.009 4 0.082 7 200 0.001 8 0.009 0

1,100 0.011 2 0.078 2 210 0.002 9 0.010 5

220 0.001 7 0.009 8
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Figure 9. Isolation assessment (measured S21  and S12 ) 
for the WM-250 waveguide system.
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alignment mechanism for both waveguide sizes are 
effectively the same. A similar flange misalignment error 
will therefore have a much greater impact on the smaller 
WM-250 aperture compared to the WR-05 aperture.

Summary
This article has described an on-going research activity 
to establish systems offering reliable S-parameter mea-
surements in the range 110–1,100 GHz. Some of these 
systems have already been implemented—i.e., systems 
offering high-precision, traceable measurements at fre-
quencies from 110 GHz to 330 GHz [22]–[24]. In addition, 
primary attenuation standards, based on the cross-con-
nected waveguide principle [7], [26], are being developed 
as calculable devices offering system verification in any 
waveguide size operating at these frequencies (i.e., from 
110 GHz to 1,100 GHz). Finally, work is now well under-
way to implement similar measurement capabilities for 
submillimeter-wave waveguide bands—including the 
WM-250 (WR-01) band that operates from 750 GHz to 
1,100 GHz. Much of this work is being undertaken as 
part of a new European collaborative research initiative 
[28] that is involving other European NMIs, academic 
research institutes and instrumentation manufacturers 
with interests in these types of measurements.
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