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Strategies for Traceable Submillimeter-Wave
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Abstract—This paper presents a strategy for achieving metro-
logical traceability using vector network analyzers (VNAs) at
submillimeter-wave frequencies (300–3000 GHz). The strategy
includes the use of traceable calibration techniques designed for
operation at these frequencies. Slight, but significant, physical dif-
ferences between the waveguide line standards, used during cal-
ibration, are accommodated by applying a weighting technique
to combine results using different calibration lines. Measurement
uncertainty is assessed by analyzing replicate measurement data,
to take account of the different waveguide interface interactions
that occur when the line standards are connected to the VNA. The
strategy is illustrated using measurements made in the WM-250
(750–1100 GHz) waveguide band.

Index Terms—Calibration, measurement traceability, measure-
ment uncertainty, submillimeter-wave measurements, vector net-
work analyzer (VNAs), waveguide.

I. INTRODUCTION

ARECENT technology roadmap [1] highlighted the rapid
growth in the exploitation of technology that uses the

submillimeter-wave (i.e., terahertz) part of the electromagnetic
spectrum. This included the development of electronic compo-
nents (including semiconductors) that operate at these frequen-
cies. Several recent large research activities have concentrated
on the development of these semiconductor device technolo-
gies. For example, the USA DARPA THz Electronics Program
[2] developed electronic components (i.e., transistors, etc.) to
enable electronic circuits to be realized for communications
applications—specifically, at three frequencies (670, 850, and
1030 GHz) corresponding to “propagation windows” (where at-
mospheric attenuation is relatively low) in this part of the elec-
tromagnetic spectrum. A related research activity in Europe was
the “dotseven” EU project [3], which developed electronic com-
ponent capabilities to 700 GHz.
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The development of such devices has driven the need for ac-
curate and reliable measurement capabilities to enable these de-
vices to be tested and characterized for use in practical circuits,
such as amplifiers, transceivers, etc. This paper describes some
recent work on establishing a strategy for providing traceable
measurement capabilities at these frequencies—specifically, in
waveguide bands covering the whole submillimeter-wave fre-
quency region (i.e., from 300 to 3000 GHz). This frequency
range includes all the above-mentioned frequencies of interest.
Implementation of the strategy is shown with some example
measurement results obtained in the WM-250 waveguide band
(from 750 to 1100 GHz).

II. CALIBRATION STANDARDS AND TECHNIQUES

At radio, microwave, and millimeter-wave frequencies, mea-
surements of electronic devices are usually made using vector
network analyzers (VNAs). The accuracy of the VNA mea-
surements is assured through the use of reliable calibration
techniques and reference standards that are traceable to the Inter-
national System of units (SI) [4]. The most appropriate standards
for this purpose are usually sections of precision transmission
lines. For example, air dielectric coaxial lines have been used as
such standards at frequencies up to 65 GHz [5] and sections of
air-filled rectangular metallic waveguide have been used at fre-
quencies up to 110 GHz [6]. In both cases, these standards are
used in conjunction with the Thru-Reflect-Line (TRL) [7] and
Line-Reflect-Line (LRL) [8] calibration techniques to establish
measurement traceability for the calibrated VNA. Measurement
traceability is achieved by performing dimensional measure-
ments on these Line standards and linking these dimensional
measurements to the SI base unit, the meter.

These TRL and LRL calibration techniques can be extended to
higher frequencies (i.e., above 110 GHz), again, using precision
sections of the waveguide as the reference standards. However,
consideration is needed regarding the shorter wavelengths that
occur at these higher frequencies.

First, the TRL and LRL calibration schemes require very ac-
curate dimensional characterization of the first of these standards
because the electrical characteristics (i.e., S-parameters) of the
first standard needs to be assumed to be fully known [8]. In
the case of TRL, the first standard is a Thru connection which
does not involve the use of a physical length of the line—it is
achieved by simply joining the two VNA test ports together.
However, in the case of LRL, the electrical characteristics of
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the first Line standard need to be assumed to be fully known.
Such a characterization is usually performed using dimensional
measurements. Measured imperfections in the dimensions of the
waveguide Line standard impact the quality of the LRL calibra-
tion. At low frequencies, where wavelengths are relatively long,
the impact of these dimensional imperfections will be relatively
small. However, at high frequencies (i.e., above 110 GHz) these
dimensional imperfections in the Line standard can no longer
be ignored. For this reason, the LRL calibration technique is
not recommended for high precision measurement applications
above 110 GHz.

Measurement traceability has previously been implemented
at these high millimeter-wave frequencies using a modified ver-
sion of the TRL calibration technique [9]–[11]. In a conventional
TRL calibration, the Line standard consists of a section of line
that provides a change in the transmission phase, with respect to
the Thru connection, of approximately 90°—i.e., ¼-wavelength
(¼-wave)—at frequencies around the middle of the waveguide
band. However, at higher frequencies (where wavelengths are
small), this requires the use of a line with very short length (for
example, a ¼-wave line in WM-250 waveguide, which operates
from 750 to 1100 GHz, is only 108 μm in length). Such a short
section of line can easily be damaged during use and so such lines
are not considered suitable for this role. The modified TRL tech-
nique in [9]–[11], for calibrations over the frequency range 110
to 330 GHz, used two sections of waveguide (for each waveguide
band) providing a phase change of 270° (i.e., ¾-wave) at two dif-
ferent frequencies across the waveguide band—one in the lower
half of the band and one in the upper half of the band. This tech-
nique has been described in detail in [12], which presents gener-
alized calibration strategies for VNAs at these millimeter-wave
frequencies. Ridler [12] also described extending these strate-
gies to submillimeter-wave frequencies by using three sections
of waveguide providing a phase change of 450° (i.e., 5/4-wave)
at three different frequencies across a given waveguide band.
However, it is quite time consuming to connect the three lines
that are needed with this technique to cover the full bandwidth
of each waveguide band (and also increases measurement uncer-
tainty due to misalignment) and so this technique has not been
implemented routinely at these submillimeter-wave frequencies.

An alternative strategy is to keep using just two ¾-wave lines
at these submillimeter-wave frequencies. According to [12], the
following steps are used to determine the lengths of the two TRL
lines to achieve ¾-wave TRL calibration in any given waveguide
band.

Step 1: Determine the length of the first line, l1, as follows:

l1 =
λg(max)

360
× ϕmin (1)

where λg(max) is the guide wavelength at the lowest recom-
mended frequency in the waveguide band and ϕmin is the min-
imum recommended phase change.

The TRL calibration scheme works optimally when the dif-
ference in phase between the Thru and the Line standards is
(2n + 1)λ/4 and fails completely when this phase difference
is (2n)λ/4 (where, in both cases, n = 0, 1, 2, …). Therefore,
the lengths of TRL lines are chosen to avoid providing phase

differences that are close to these calibration failure points. In
[12], a minimum phase difference criterion was set such that all
phase differences were at least 30° away from the calibration
failure points. For a ¼-wave TRL calibration, these calibration
failure points occur at 0° and 180°. For a ¾-wave TRL cali-
bration, these calibration failure points occur at 180° and 360°.
Therefore, when implementing a ¾-wave TRL calibration pro-
cedure, phase changes are designed to be at least 30° greater than
180° (i.e., >210°) and at least 30° less than 360° (i.e., <330°).
Therefore, ϕmin = 210° in (1)

l1 =
λg(max)

360
× ϕmin =

λg(max)

360
× 210 ≈ 0.583λg(max).

(2)

Step 2: Establish the useable upper frequency limit for l1, i.e.,
the frequency at which the maximum phase change, ϕmax

(=330°), occurs. This is achieved by determining the guide
wavelength, λg(f), at the frequency f at which the maximum
phase change occurs

λg(f) =
360 × l1
ϕmax

=
360

330
× l1 ≈ 1.091l1 (3)

and then determining f using

f =
ν

√
1 +

(
λg(f)

λ0

)2

λg(f)
(4)

where ν is the speed of electromagnetic waves in the air-filled
waveguide and λ0 is the waveguide cut-off wavelength.
Step 3: Determine the length of the second line l2 which gives
the maximum phase change, ϕmax (=330°), at the maximum
recommended frequency for the given waveguide band

l2 =
λg(min)

360
× ϕmax =

λg(min)

360
× 330 ≈ 0.917λg(min) (5)

where λg(min) is the minimum guide wavelength, which occurs
at the highest recommended frequency in the waveguide band.
Step 4: Establish the useable lower frequency limit for l2, i.e.,
the frequency at which ϕmin (=210°) occurs. This is achieved
by determining the guide wavelength, λg(f), at the frequency f
at which the maximum phase change occurs

λg(f) =
360 × l2
ϕmin

=
360

210
× l2 ≈ 1.714l2 (6)

then calculating f using (4).
To illustrate this procedure, Table I shows ¾-wave TRL

line choices for standardized waveguide bands [13] in the
submillimeter-wave region—i.e., from 330 to 3300 GHz. (Note:
at the time of writing this paper, VNAs are not commercially
available in waveguide bands beyond WM-164.)

III. LINE CHANGEOVER

Table I shows that, for each waveguide band, the useable
bandwidths for both lines l1 and l2 show some overlap—i.e.,
frequencies where either line can be used to achieve satisfac-
tory calibration. For example, in the WM-380 band, since l1
can be used from 500 to 620 GHz and l2 can be used from 570
to 750 GHz, the overlap region where both lines can be used
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TABLE I
¾-WAVE TRL CALIBRATION USING TWO LINES

is from 570 to 620 GHz (a bandwidth of 50 GHz). When the
¾-wave TRL calibration technique has been used previously
at millimeter-wave frequencies [9]–[11], a line changeover fre-
quency has been selected somewhere within this overlap region
(e.g., at a frequency in the middle of the overlap region) so that
l1 is used as the TRL Line standard at all frequencies up to the
changeover frequency and l2 is used as the TRL Line standard
at all frequencies at and above the changeover frequency.

However, at submillimeter-wave frequencies, it has been
found that the change between using the two different line stan-
dards introduces a step-change in the measurement results made
using a VNA calibrated using this ¾-wave TRL technique. Such
step changes are due to either differences in the waveguide di-
mensions, or the flange connection tolerances for the two line
standards, or both. An example of such a step in measured S-
parameters is shown in Fig. 1, which shows an S21 measure-
ment of a 270 μm length of the line as a DUT in the WM-250
waveguide band, i.e., from 750 to 1100 GHz. Fig. 1(a) and (b)
shows the real and imaginary components of S21, respectively.
The frequency range where the 388 μm line is used as a stan-
dard is shown using a blue trace; the frequency range where
the 298 μm line is used as a standard is shown using an or-
ange trace. The step in the measured S-parameter that occurs at
around 880 GHz is due to the change in the use of the two cali-
bration line standards—i.e., changing from using l1 = 388μm to
l2 = 298 μm (shown in Table I). Each line will have slightly dif-
ferent dimensional imperfections—in effect, each line provides
a different reference impedance which significantly impacts the
calibration quality.

To avoid the step change in VNA calibration that occurs at
submillimeter-wave frequencies, when changing between dif-
ferent calibration line standards, a combining function is intro-
duced that effectively makes use, to some extent, of data from
both lines that are used during calibration. Recognizing that the
data from both lines will not be equally well conditioned at all
frequencies (due to the proximity of the phase change due to the
line with respect to the calibration failure frequencies) a weight-
ing function is used to combine the two sets of S-parameter

Fig. 1. (a) Real component of S21 for a 270 µm line, as a DUT, showing a step
change in response at around 880 GHz. (b) Imaginary component of S21 for a
270 µm line, as a DUT, showing a step change in response at around 880 GHz.

results: one set of results derived using l1 as the TRL line stan-
dard; the other set of results derived using l2 as the TRL line
standard.

It was recognized in [14] and [15] that measurement error due
to a line’s phase difference (with respect to the thru connection)
is inversely proportional to the sine of the phase difference. It,
therefore, seems reasonable to base a weighting function around
the sine function. In practice, a sine squared weighting function
is used here to ensure: first, the weights are always positive; and
second, the weight decays rapidly away from the region where
the ¾-wave calibration gives optimum performs—i.e., at the
frequency corresponding to a ¾-wavelength. Therefore, at each
measurement frequency, the data is weighted according to how
well suited the TRL line standards l1 and l2 are for providing
data at any given frequency.

First of all, we assign weights wi such that 0 < wi < 1, ac-
cording to the phase φi of line standard i (i = 1 or 2)

wi = sin2φi. (7)

For example, wi = 0 at 2nλg/4, and wi = 1 at (2n+ 1)λg/4
(for n = 0, 1, 2, …), where λg is the guide wavelength.

We then use a weighted mean x̂ of data, xi, from the two lines,
at each frequency

x̂ =

∑2
i=1 xiwi∑2
i=1 wi

(8)
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Fig. 2. (a) Real component of S21 for a 270 µm line, showing instabilities at
approximately 840 GHz and 950 GHz. (b) Imaginary component of S21 for a
270 µm line, showing instabilities at approximately 840 GHz and 950 GHz.

where xi is either the real or imaginary component, respectively,
of each of the four error-corrected S-parameters.

IV. RESULTS

Fig. 2 shows the measured S21 results for the 270 μm
length of line, shown in Fig. 1, as a DUT, measured with re-
spect to both TRL calibration line standards (nominal lengths
l1 = 388 μm and l2 = 298 μm), before attempting to combine
the two sets of measurement results. Fig. 2(a) shows results for
the real component of S21 and Fig. 2(b) shows results for the
imaginary component of S21.

If the previous method of using just one line as the calibra-
tion line standard at each frequency is used, and a changeover
frequency in the overlap region is used to combine the two sets
of data, the results obtained are as shown in Fig. 1(a) and (b)
(where the line changeover frequency was chosen to be around
880 GHz). A step is clearly seen at 880 GHz corresponding to
the change between the two calibration line standards. This is
clearly not attributable to the performance of the DUT and there-
fore indicates significant measurement error emanating from the
calibration process.

Returning to Fig. 2, both traces in each graph show results
that are significantly different from each other. There is also
clear instability in the results approximately 840 GHz, for one
set of measurements (using the 289 μm line standard), and ap-
proximately 950 GHz, for the other set of measurements (using
the 388 μm line standard). These instabilities correspond to the

calibration failure frequencies when the phase change for the
line standard passes through either 180° or 360°.

In practice, it has been found that the frequencies at which
these calibrations become unstable do not correspond exactly
with the frequencies predicted by phase changes calculated from
the measured mechanical length of the lines. This is due to depar-
tures in the phase constant of the line, from the classical value,
due to effects such as finite conductivity and surface roughness
of the internal walls of the waveguide line. Since the S-parameter
results of the DUT clearly show the frequencies where the re-
sults become unstable, this observation can be used to set the
weights to zero at these frequencies.

At the calibration failure frequency for line standard i (i= 1 or
2), all the S-parameters of a device measured with respect to the
line show an instability. The calibration failure frequency can
be estimated by finding the frequency, foi, at which the linear
magnitude of any one of the four S-parameters of the device
(e.g., S11) has a maximum corresponding to the instability. To
obtain a weighting function for line standard i that vanishes at the
observed calibration failure frequency, the weighting function
wi of (7) is shifted in frequency as follows:

w̃i (f) = wi (f +Δfi) = sin2φi (f +Δfi) (9)

where f is frequency, Δfi = fpi − foi is the difference between
the calibration failure frequency predicted from the measured
line length fpi and the observed calibration failure frequency
foi. It is these shifted weighting functions w̃i that are actu-
ally used to form the weighted mean in (8). In (9), the shifted
weight function w̃i at frequency f, w̃i(f), is calculated from the
weightwi evaluated at frequency f +Δfi,wi(f +Δfi),which
is in turn calculated from the phase φi evaluated at frequency
f +Δfi, φi(f +Δfi).

Fig. 3 shows results obtained after applying the weighting
function [i.e., (7) and (8)] to the measurement data presented
in Fig. 2. It can be seen that the step observed in Fig. 1 is no
longer present in the measurement data in Fig. 3. It can also be
seen that the results in Fig. 3 vary smoothly, as a function of
frequency, across the whole waveguide band and do not contain
any of the instabilities seen in Fig. 2 at around 840 GHz and
950 GHz. Therefore, Fig. 3 shows that the weighting function
has been successful in combining the two sets of measurement
data for the DUT and producing a physically meaningful set of
results for the DUT.

V. MEASUREMENT UNCERTAINTIES

When establishing traceable VNA measurements, it is impor-
tant to estimate the uncertainty in the measurements. At these
very high frequencies (i.e., where wavelengths are less than a
millimeter) it is expected that random errors due to flange-to-
flange alignment during connection will dominate the overall
measurement uncertainty. In order to evaluate this effect, con-
sideration is given to the fact that flanges on both a DUT and the
VNA test ports will be imperfect, to some extent. For the VNA
test ports, this means that it is likely that different measurement
results will be obtained for nominally the same device where the
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Fig. 3. (a) Weighted results for the Real component of S21 for the 270 µm line
shown previously in Figs. 1(a) and 2(a). (b) Weighted results for the Imaginary
component of S21 for the 270 µm line shown previously in Figs. 1(b) and 2(b).

differences are due to physical differences (i.e., waveguide aper-
ture size, shape, flange tolerances, etc.) between the test ports
of port 1 and port 2 of the VNA. Similarly, for a given DUT,
it is likely that different measurement results will be obtained
when connected to the same VNA test port, if the DUT is rotated
through 180° prior to connection. (The nature of the waveguide
flange for this size of waveguide [16] permits two possible ori-
entations for the connection of a DUT.) If we call one of these
orientations “up” and the other orientation “down,” we can iden-
tify four possible connection orientations for a two-port device
when connected to a two-port VNA.

1) DUT port 1 connected to VNA port 1—DUT in “up”
position.

2) DUT port 1 connected to VNA port 1—DUT in “down”
position.

3) DUT port 1 connected to VNA port 2—DUT in “up”
position.

4) DUT port 1 connected to VNA port 2—DUT in “down”
position.

Throughout this procedure, port 2 of the device is connected
to the other available VNA test port—i.e., VNA port 2, for ori-
entations 1 and 2; VNA port 1, for orientations 3 and 4. By
connecting a DUT using the above-mentioned four orientations,
an indication of the contribution to measurement uncertainty due
to flange connection variability can be provided by a statistical
analysis of the data obtained from each orientation.

Fig. 4. Submillimeter-wave VNA, showing Extender Heads (foreground) con-
nected to the Display Unit (background) via flexible cables.

For a given two-port DUT, for each S-parameter
(Sij , i = 1, 2; j = 1, 2) at each frequency, we can calcu-
late the mean (where n is the number of connection orientations,
n = 4)

Sij =
1

n

(
n∑

k=1

Re(Sij)k + j

n∑
k=1

Im(Sij)k

)
(10)

and an indication of the uncertainty

u
(
Sij

)
=

√∑n
k=1

∣∣(Sij)k − Sij

∣∣2
n (n − 1)

. (11)

The modulus signs in the standard uncertainty calculation
(11), cause the standard uncertainty to be a scalar quantity
whereas the mean (10) is a complex-valued quantity. Sij is
taken as the result of the measurement and u(Sij) is taken
as the component of measurement uncertainty due to random
errors. A more detailed treatment of the uncertainty in the S-
parameters can be obtained by applying the techniques given in
[17] and [18]. The process of undertaking these repeated con-
nections also exposes another source of uncertainty—namely,
errors due to the flexing of the cables that connect between the
VNA front panel and the frequency-multiplier Extender Heads,
as shown in Fig. 4. Systematic errors due to the VNA instru-
mentation (i.e., linearity, noise floor, and test port mismatches)
can be evaluated and combined in the usual way [19]. Gener-
ally, it is found that, at these frequencies, it is the random er-
rors caused by flange misalignment that dominate the overall
measurement uncertainty. Table II shows standard uncertainties
due to these random errors (i.e., Type-A) along with standard
uncertainties due to systematic errors (i.e., Type-B), at selected
frequencies for the device whose measurement results are shown
in Fig. 3. This device has flanges that are similar to the IEEE
1785-2a “Precision Dowel” interface described in [16]. This ta-
ble shows that the Type-A uncertainties are much larger than the
Type-B uncertainties (generally by more than an order of mag-
nitude), confirming that these random errors are the dominant
source of measurement uncertainty for waveguide used at these
frequencies.
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TABLE II
TYPE-A AND COMBINED STANDARD UNCERTAINTIES FOR RESULTS

SHOWN IN FIG. 3 AT SELECTED FREQUENCIES

VI. CONCLUSION

This paper has described a strategy for achieving traceable
S-parameter measurements using VNAs at submillimeter wave-
lengths (300–3000 GHz). The strategy shows how TRL calibra-
tions can be successfully realized at these very short wavelengths
and how the resulting data can be combined using a weighting
technique to produce results that show expected physical be-
havior as a function of frequency. A technique has also been
given to help quantify uncertainty due to flange misalignment
which is expected to be the dominant source of uncertainty for
measurements in waveguide at these frequencies.

REFERENCES

[1] S. S. Dhillon et al., “The 2017 terahertz science and technology roadmap,”
J. Phys. D, Appl. Phys., vol. 50, no. 4, Feb. 2017, Art. no. 043001.
doi: 10.1088/1361-6463/50/4/043001.

[2] J. D. Albrecht, M. J. Rosker, H. B. Wallace, and T.-H. Chang, “THz
electronics projects at DARPA: Transistors, TMICs, and amplifiers,” in
Proc. IEEE MTT-S Int. Microw. Symp. Dig., May 2010, pp. 1118–1121,
doi: 10.1109/MWSYM.2010.5517972.

[3] M. Schroter et al., “The EU DOTSEVEN project: Overview and results,”
in Proc. IEEE Compound Semicond. Integr. Circuit Symp., Oct. 2016, pp.
1–4, doi: 10.1109/CSICS.2016.7751070.

[4] Bureau International des Poids et Mesures (BIPM), “The International
System of units (SI),” 8th ed, 2006.

[5] N. M. Ridler, “Traceability to national standards for S-parameter mea-
surements of devices fitted with precision 1.85 mm coaxial connec-
tors,” in Proc. 68th ARFTG Microw. Meas. Conf., Dec. 2006, pp. 1–10,
doi: 10.1109/ARFTG.2006.8361648.

[6] G. J. French and N. M. Ridler, “A primary national standard millimetric
waveguide S-parameter measurements,” Microw. Eng. Eur., pp. 29–32,
Oct. 1999.

[7] G. F. Engen and C. A. Hoer, “Thru-reflect-line: An improved technique
for calibrating the dual six-port automatic network analyzer,” IEEE Trans.
Microw. Theory Tech., vol. MTT-27, no. 12, pp. 987–993, Dec. 1979.
doi: 10.1109/TMTT.1979.1129778.

[8] C. A. Hoer and G. F. Engen, “On-line accuracy assessment for
the dual six-port ANA: Extension to nonmating connectors,” IEEE
Trans. Instrum. Meas., vol. IM-36, no. 2, pp. 524–529, Jun. 1987.
doi: 10.1109/TIM.1987.6312732.

[9] R. G. Clarke, R. D. Pollard, N. M. Ridler, M. J. Salter, and
A. Wilson, “Traceability to national standards for S-parameter mea-
surements of waveguide devices from 110 GHz to 170 GHz,” in
Proc. 73rd ARFTG Microw. Meas. Conf., Jun. 2009, pp. 127–136.
doi: 10.1109/ARFTG.2009.5278079.

[10] N. M. Ridler, R. G. Clarke, M. J. Salter, and A. Wilson, “Traceability
to national standards for S-parameter measurements in waveguide at fre-
quencies from 140 GHz to 220 GHz,” in Proc. 76th ARFTG Microw. Meas.
Conf., Dec. 2010, pp. 8–14. doi: 10.1109/ARFTG76.2010.5700046.

[11] N. M. Ridler, R. G. Clarke, M. J. Salter, and A. Wilson, “Traceability
to national standards for S-parameter measurements in waveguide at fre-
quencies from 220 GHz to 330 GHz,” in Proc. 78th ARFTG Microw. Meas.
Conf., Dec. 2011, pp. 103–108. doi: 10.1109/ARFTG78.2011.6183882.

[12] N. M. Ridler, “Choosing line lengths for calibrating waveguide vector
network analysers at millimetre and sub-millimetre wavelengths,” NPL
Report TQE 5, Nat. Phys. Lab., Teddington, U.K., Mar. 2009.

[13] IEEE Standard for Rectangular Metallic Waveguides and Their In-
terfaces for Frequencies of 110 GHz and Above—Part 1: Fre-
quency Bands and Waveguide Dimensions, IEEE Std 1785.1-2012.
doi: 10.1109/IEEESTD.2013.6471987.

[14] C. A. Hoer, “On-line accuracy assessment for the dual six-port ANA:
Treatment of systematic errors,” IEEE Trans. Instrum. Meas., vol. IM-36,
no. 2, pp. 514–519, Jun. 1987. doi: 10.1109/TIM.1987.6312730.

[15] R. B. Marks, “A multiline method of network analyzer calibration,” IEEE
Trans. Microw. Theory Techn., vol. 39, no. 7, pp. 1205–1215, Jul. 1991.
doi: 10.1109/22.85388.

[16] IEEE Standard for Rectangular Metallic Waveguides and Their Interfaces
for Frequencies of 110 GHz and Above—Part 2: Waveguide Interfaces.
IEEE Std 1785.2-2016. doi: 10.1109/IEEESTD.2016.7564020.

[17] N. M. Ridler and M. J. Salter, “An approach to the treatment of uncer-
tainty in complex S-parameter measurements,” Metrologia, vol. 39, no. 3,
pp. 295–302, Jun. 2002. doi: 10.1088/0026-1394/39/3/6.

[18] N. M. Ridler and M. J. Salter, “Evaluating and expressing uncertainty
in high-frequency electromagnetic measurements—A selective review,”
Metrologia, vol. 51, no. 4, pp. S191–198, Aug. 2014. doi: 10.1088/0026-
1394/51/4/S191.

[19] N. M. Ridler and R. G. Clarke, “Establishing traceability to the Inter-
national System of units for scattering parameter measurements from
750 GHz to 1.1 THz,” IEEE Trans. Terahertz Sci. Technol., vol. 6, no. 1,
pp. 2–11, Jan. 2016. doi: 10.1109/TTHZ.2015.2502068.

Nick M. Ridler (M’03–SM’06–F’14) received the
B.Sc. degree from King’s College, University of
London, London, U.K., in 1981.

He has more than 35 years’ experience working
in industrial, government, and academic research es-
tablishments. He is currently the Head of Electrical
Science with the U.K.’s National Physical Labora-
tory. He is also a Non-Executive Director of LA Tech-
niques Ltd., and a Visiting Professor with Pollard In-
stitute, the University of Leeds; the Department of
Electrical Engineering and Electronics, the Univer-

sity of Liverpool; and the Advanced Technology Institute, University of Surrey.
His main research interest focuses on high-frequency precision electromagnetic
measurement (1 kHz to 1 THz).

Mr. Ridler is a Fellow of the Institution of Engineering and Technology and
a Fellow of the Institute of Physics.

Roland G. Clarke (M’04) was born in Huddersfield,
U.K., in 1966. He received the B.Sc. degree from the
University of Leeds, Leeds, U.K., in 2003.

For several years he was responsible for the tech-
nical management of high-frequency research labo-
ratories at the University of Leeds. He is currently
an Associate Professor within the School of Elec-
tronic & Electrical Engineering, the University of
Leeds and a member of the Pollard Institute, Univer-
sity of Leeds. His research interests include princi-
pally concerned with high-frequency metrology, par-

ticularly millimeter-wave, and submillimeter-wave vector network analyzer
measurements.

https://dx.doi.org/10.1088/1361-6463/50/4/043001
https://dx.doi.org/10.1109/MWSYM.2010.5517972
https://dx.doi.org/10.1109/CSICS.2016.7751070
https://dx.doi.org/10.1109/ARFTG.2006.8361648
https://dx.doi.org/10.1109/TMTT.1979.1129778
https://dx.doi.org/10.1109/TIM.1987.6312732
https://dx.doi.org/10.1109/ARFTG.2009.5278079
https://dx.doi.org/10.1109/ARFTG76.2010.5700046
https://dx.doi.org/10.1109/ARFTG78.2011.6183882
https://dx.doi.org/10.1109/IEEESTD.2013.6471987
https://dx.doi.org/10.1109/TIM.1987.6312730
https://dx.doi.org/10.1109/22.85388
https://dx.doi.org/10.1109/IEEESTD.2016.7564020
https://dx.doi.org/10.1088/0026-1394/39/3/6
https://dx.doi.org/10.1088/0026-1394/51/4/S191
https://dx.doi.org/10.1109/TTHZ.2015.2502068


398 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 9, NO. 4, JULY 2019

Chong Li (M’12–SM’17) was born in Liaoning,
China, in 1979. He received the B.Eng. degree from
Donghua University, China, in 2002, the M.Sc. degree
(with Distinction) from the University of Manchester,
Manchester, U.K., in 2007, and the Ph.D. degree in
electronics and electrical engineering from the Uni-
versity of Glasgow, Glasgow, U.K., in 2011.

He became a Postdoctoral Research Assistant in
2011 and later a Postdoctoral Research Associate with
the University of Glasgow, working on development
of millimeter-wave signal sources and terahertz imag-

ing systems. He joined National Physical Laboratory, Teddington, U.K., in Jan-
uary 2014, as a Higher Research Scientist where he contributed to and led several
commercial projects and U.K. national and European research projects. He was
the measurement service provider of the ultrafast waveform metrology service
at NPL. He also led work on microwave and millimeter-wave on-wafer mea-
surements. He became a Lecturer with the University of Glasgow in August
2017 and is leading the Microwave and Terahertz Electronics Group. He held a
visiting position with the Advanced Technology Institute, University of Surrey,
Guildford, U.K., in 2017. He has authored or coauthored more than 50 jour-
nal and conference papers. His current research interests include microwave
and terahertz components, systems and metrology, and next generation wireless
communications.

Dr. Li was the recipient of the Best Nonstudent Paper Prize at LAPC 2015.

Martin J. Salter (M ’05) received the B.Sc. degree in
physics from the University of Manchester, Manch-
ester, U.K., in 1986, and the M.Sc. degree in mi-
crowave engineering from University College Lon-
don, London, U.K., in 1991.

In 1986, he joined the Electromagnetics group,
National Physical Laboratory, Teddington, U.K. His
main interest is in high frequency electromagnetic
measurements. In 2015, he was a Visiting Researcher
with the Korean Research Institute of Standards and
Science, Daejeon, South Korea. He is a member of the

joint University of Surrey/National Physical Laboratory nonlinear microwave
measurements and modeling laboratories.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


