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Fig. 1.  (a) Overview of the system comprised of a WR-5 (140-220 GHz) MCK 

and a pair of WR-5 VNA frequency extender heads that are connected to a 

Keysight PNA-X in-operando at NPL (National Physical Laboratory). A 

silicon plate is shown sandwiched between the two corrugated waveguides of 

the MCK.  (b) Close-up view of the corrugated waveguides/antennas while the 

two MCK ports are separated. (c) Diagram illustrating the corrugated 

waveguides. This drawing is not to scale. 

 

  

Abstract—This paper presents a study of different calibration 

techniques for VNA-based material measurements using 

commercially available material characterization kits (MCKs). 

Such MCKs are designed for fast broadband material 

characterization at millimeter-wave and terahertz frequencies 

and are based on Gated-Reflect-Line (GRL) calibration for 

removal of errors associated with the fixture. In this paper we 

have applied Thru-Reflect-Line (TRL) calibration to the MCKs, 

yielding robust S-parameters that are used to calculate the 

relative permittivity and loss tangent of materials. Two different 

types of line standards, i.e. custom machined corrugated lines and 

air lines (a quarter-wave air gap between the ports of the MCKs), 

were employed to produce the desired phase shift. Both types of 

standard produced similar results. These investigations were 

carried out on three types of low loss dielectric material, using 

MCKs operating at two selected waveguides bands within the 

range 140 GHz to 750 GHz. The same samples were measured 

using Time-Domain Spectroscopy (TDS) for comparison. The 

extracted relative permittivities and loss tangents using MCKs 

with TRL calibration and TDS are compared against literature 

values. Good agreement is achieved.  

 
Index Terms—Relative permittivity, loss tangent, terahertz 

measurements, millimeter-wave measurements, vector network 

analyzer, time domain spectrometer, TRL calibration.    

 

I. INTRODUCTION 

HERE is an increasing interest in the exploitation of the 

millimeter-wave and terahertz spectrum, and this has 

driven the demand for accurate characterization of materials 
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properties (relative permittivity, ε', and loss tangent, tan δ) used 

in this frequency range. There exist different measurement 

methods for solid dielectric materials at millimeter-wave and 

terahertz frequencies, and these methods include time-domain 

spectroscopy (TDS) [1]-[2], open-resonator [3]-[4], and 

free-space methods [5]-[6], among others. TDS employs 

single-cycle pulse waveforms that are detected coherently in 

the time domain, and is capable of measuring materials over a 

broad frequency range (from around 100 GHz to a few THz). 

The open-resonator technique relies on measurements of high 

quality-factor (Q) resonators, with and without specimens 

inserted, for calculation of dielectric material properties. This 

technique allows precise characterization of dielectric materials 

(including those with very small loss tangents), however it 

operates over a narrow frequency range only and requires the 

specimen thickness to be an integer number of 
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half-wavelengths (in the medium of the dielectric specimen). 

The free-space method based on a VNA (vector network 

analyzer) represents another mainstream approach for 

characterization of dielectric materials over a broad frequency 

range. This is a non-contact technique capable of measurement 

at varying temperatures. During the measurement, the 

specimens are placed between two corrugated antennas, which 

are used to launch high purity fundamental-mode Gaussian 

beams. Focusing elements, such as parabolic mirrors or lenses, 

are usually employed to reduce the waist radius of the Gaussian 

beam illuminating the specimens, in order to make it smaller 

than the lateral size of the specimen. This is to eliminate or 

minimize edge diffraction errors, otherwise the required 

specimen size needs to be considerably large (which is often 

impractical). The free-space measurement method has been 

utilized for material characterizations at frequencies from a 

few GHz [7] to as high as 750 GHz [8]-[9] and 1.1 THz [10].  

Recently, new commercial material characterization 

kits (MCKs), have been developed by SWISSto12 as an 

alternative measurement technique. These MCKs operate in a 

similar way to the free-space technique, with several significant 

differences: (i) the waves in MCKs propagate in an enclosed 

environment – in corrugated circular waveguides operating in 

the HE11 mode – with extremely low propagation loss; (ii) the 

whole system is compact and self-contained, eliminating the 

need for bulky mirrors or lenses. Fig. 1 shows a WR-5 band 

(140-220 GHz) MCK system at NPL (National Physical 

Laboratory). During measurement, the MCK is attached to a 

VNA, which measures the S-parameters of the material under 

test (MUT) in the frequency domain. MCKs are typically 

calibrated to the end of the corrugated waveguides using the 

Gated-Reflect-Line (GRL) technique [11], [12]. 

Thru-Reflect-Line (TRL) [13]-[15] is a very accurate and 

reliable two-port calibration technique that has been used 

extensively for VNA calibrations. TRL calibration does not 

require Reflect standards with known reflections as long as the 

Reflect standards are identical on both ports [15]. TRL 

calibration is most often performed when a high level of 

accuracy is required, since the calibration standards do not need 

to be defined as completely and accurately as required by other 

calibration techniques. Thus, TRL calibration is widely applied 

to waveguide and planar measurements within the 

millimeter-wave and terahertz frequency bands. In this work, 

the TRL technique has been applied to the calibration of MCKs, 

so that more accurate S-parameter measurements of the MUT 

can be obtained. These S-parameters were then employed to 

calculate the relative permittivity and loss tangent of materials. 

Time-gating was utilized to remove the multiple reflections 

within the corrugated waveguides and at the interfaces. Two 

different types of Line standards, i.e. custom machined 

corrugated lines and air lines (using an air gap between the 

ports of the MCK), were utilized to produce the required 

electrical delays. An investigation of measurements using 

MCK with TRL calibration was carried out on three types of 

dielectric materials (PTFE, silicon, and Rogers 3003), using 

MCKs operating in the WR-5 band and the WM-380 band 

(500-750 GHz). The same samples were measured using a 

well-established TDS system at NPL, for benchmarking the 

measurement results.  

To the best of the authors’ knowledge, this is the first time 

that TRL calibration has been applied to remove the errors 

associated with MCKs. The line standard based on an air gap is 

also demonstrated to be an effective and simple approach for 

implementing TRL calibration, without the need for additional 

components. Reference [16] reported on the characterization of 

several dielectric materials in the WR-15 band (50-75 GHz) 

using a MCK with default GRL calibration, and the extracted 

results show good agreement with published literature values 

after measurement uncertainties are taken into account. Here, 

the work is extended further, in terms of (i) utilization of a more 

robust TRL calibration technique for the MCK; 

(ii) measurement of materials over two different waveguide 

bands within the range of 140 GHz to 750 GHz so that a 

broader study is possible; and (iii) direct comparison of results 

from MCKs and TDS.  

The paper is organized as follows: in Section II, the 

experimental setup and calibration technique are introduced; 

Section III describes the measurement results for the 

above-mentioned dielectric samples using MCKs and TDS; 

followed by conclusions in Section IV.   

II. MATERIAL MEASUREMENTS USING MCKS 

A. Measurement system 

Fig. 1 (a) shows the WR-5 band material characterization 

setup, which is comprised of a WR-5 MCK, a pair of VDI 

WR-5 frequency extenders, and a Keysight N5247 PNA-X 

network analyzer (not shown). Fig. 1 (b) shows a close-up of 

the corrugated waveguides of the WR-5 MCK. Corrugations 

are added to the inner wall of the circular waveguide to produce 

an HE11 mode (a combination of TE11 and TM11 modes) that has 

low propagation loss within waveguide and the ability to launch 

a high purity Gaussian beam. The diameters of the ridges and 

slots of the corrugated waveguide are 8.200 mm and 9.052 mm 

respectively. The input of this MCK is a standard WR-5 

rectangular waveguide, which is coupled to the corrugated 

waveguide via a smooth-walled circular waveguide and a 

corrugated conical horn antenna.  

The MCK can be directly connected to the frequency 

extenders due to its standard waveguide flanges. To measure a 

dielectric material, the sample is placed in the gap between the 

two corrugated waveguides, where a gap adjustment 

mechanism is used to open and close the MCK. S-parameter 

measurements are performed following calibration, the details 

of which are described in the following subsection.  

Two different sets of MCKs were employed for 

measurements over the following waveguide bands: WR-5 and 

WM-380. The investigation was carried out at selected 

waveguide bands, corresponding to the VNA frequency 

coverage at NPL. In these measurements, the VNA was set to 

measure at 2001 frequency points with an intermediate 

frequency (IF) bandwidth of 50 Hz. No averaging was applied 

to the data. Three different types of common dielectric 

materials, i.e. PTFE (thickness 5.99 mm), silicon (thickness 
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Fig. 2.  Photograph of the machined line standards for the WR-5 band MCK. 

Both lines have the same thickness of 0.420 mm. The diameters of the inner 

holes are 9.052 mm and 8.200 mm. 

TABLE I 

 PHYSICAL DIMENSIONS OF CORRUGATED WAVEGUIDES OF MCKS AND 

CALCULATED QUARTER-WAVELENGTH FOR MIDDLE BAND FREQUENCY. 

 WR-5 WM-380 

Mid-band frequency (GHz) 180 625 

Ridge diameter (mm) 8.200 5.000 

Slot diameter (mm) 9.052 5.250 

λ/4 corrugated waveguide (mm) 0.422 0.120 

λ/4 free-space (mm) 0.416 0.120 

Air gap length used (mm) 0.420 0.120 

 

 

 

3.06 mm) and Rogers 3003 (thickness 1.50 mm), were 

measured. The PTFE sample was machined in-house from a 

rod to have a thickness of 5.99 mm. This relatively large 

thickness facilitates the measurement of loss tangent, since 

PTFE is a relatively low loss material. The silicon sample was 

obtained from Tydex, and its grade is high resistivity float zone 

silicon. The Rogers 3003 sample is based on ceramic-filled 

PTFE composites, designed by manufacturer for its low 

dielectric loss at high frequencies. All measurements were 

taken at the ambient laboratory temperature of 23 °C ± 1 °C. 

The silicon sample was measured in the dark, due to its 

photoconductive nature. 

Time-domain gating is usually applied to free-space 

measurement to separate the desired signal from spurious 

reflections generated elsewhere in the measurement system or 

within the sample. Briefly, a bandpass window is implemented 

in time-domain such that any signals outside of the region of 

interest are discarded (i.e. assigned to be zero). Then the 

processed time-domain signal is converted to the frequency 

domain, and the gated S-parameters are utilized to calculate the 

material properties. In this work, the time-domain gating was 

carried out on the VNA, using a Kaiser-Bessel window 

function [17]. The optimum gate width depends on the 

characteristics of the MUT and on the operating frequencies. 

Minimizing the gate width can minimize the ripple generated 

by undesired multi-path signals. However, systematic errors in 

the extracted material properties will be introduced if the gate 

width is smaller than the width of the desired signal [7]. Also, it 

is recommended that MCKs use time-domain gating, and the 

gate width is usually specified as 400 ps [11]. In practice, the 

optimum gate width varies with the characteristics of the 

measured specimen and can be calculated from the 

approximate permittivity, sample thickness, and the operating 

frequency [18]. In this work, the time-gating width for PTFE, 

silicon and Rogers 3003 was calculated to be 280 ps, 800 ps and 

120 ps, respectively. The variation of frequency only results in 

a small difference in the corresponding gate width, and 

therefore a single value calculated using the mid-band 

frequency has been specified. 

In this work, time-domain gating was applied to eliminate 

reflections associated with the MCK fixtures and test 

equipment. The sidelobes occurring due to multiple reflections 

inside the sample were contained within the gating window. 

Multiple reflections in the sample were taken into account since 

they constitute part of the physical response of the MUT. 

Therefore, the formulas for reflection and transmission of a 

wave propagating through a dielectric slab are consistent with 

the S-parameters measured by the system. 

B. Comparison of calibration techniques 

The default calibration technique for the MCK system is the 

Gated-Reflect-Line (GRL), which is carried out at the end of 

the corrugated waveguides prior to making measurements of 

S-parameters. The GRL method requires a simple zero-length 

thru standard and a metallic reflecting plate as the reflect 

standard [11]. TRL calibration offers high accuracy and needs 

only minimal knowledge of the electrical behavior of the 

standards used, hence it was employed in this work to calibrate 

the MCKs to the reference planes at the end of the corrugated 

waveguides. The thru standard is realized by closing the gap to 

join the two halves of the corrugated waveguides. The reflect 

standard is realized by placing a short-circuit (a 1 mm thick 

metal shim, provided with the MCK) between the two halves of 

the corrugated waveguides.  

For the WR-5 MCK, two different types of line standards, 

i.e., custom machined metal lines, and an air line (effectively an 

air gap between the corrugated waveguides of the MCK), were 

employed to produce the required phase shift for TRL 

calibration. Fig. 2 shows two machined line standards with 

diameters of 8.200 mm and 9.052 mm. These correspond to the 

ridge and slot diameters, respectively. The former introduces 

no change in the diameter of the transmission line when the line 

standard is sandwiched between the two ports, whereas the 

latter represents the case where the corrugated waveguide is 

continued. Ideally, the length of line standards should be a 

quarter wavelength (in the transmission lines), which can be 

calculated by following the procedure in [19]. The diameter of 

the ridge has been used in the calculation. The wavenumber of 

vacuum, k, and the cut-off wavenumber of a corrugated 

waveguide, kc, can be expressed as: 

 

0 0k   =                                           (1) 

2.405
ck

a
=                                             (2) 

where ω is the center angular frequency of the waveguide 

band, ε0 and μ0 are the permittivity and permeability of 

vacuum, and a is the radius of the ridge. The propagation 

constant of the corrugated waveguide, β, is given by: 

 

2 2= ck k +                                 (3) 
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Fig. 3.  Extracted (a) relative permittivity, ε', and (b) loss tangent, tan δ, for the 

PTFE sample (thickness 5.99 mm) using the WR-5 MCK with four different 

calibration techniques: GRL, TRL using metal line standard with a larger inner 

diameter, TRL using metal line standard with a smaller inner diameter, TRL 

using an air gap as a line standard.  

 
(a) 

 

 
(b) 

 

Fig. 4.  Extracted (a) relative permittivity, ε', and (b) the loss tangent, tan δ, for 

the silicon sample (thickness 3.06 mm) using MCK with four different 

calibration techniques: GRL, TRL using metal line standard with a larger inner 

hole, TRL using metal line standard with a smaller inner hole, TRL using an air 

gap as a line standard.  

 

The wavelengths in the corrugated waveguide (λwaveguide) and 

in free space (λfreespace), are given by the following equations: 

 

2
waveguide





=                                 (4) 

freespace

c

f
 =                                   (5) 

 

where c is the speed of light in vacuum and f is the center 

frequency of the waveguide band, ω=2πf. Table I gives the 

calculated desired lengths, at the center frequency of the 

waveguide band, for both metal line standards and air gaps. 

These two lengths are very close to each other, demonstrating 

that the wave propagates in the corrugated waveguide in a 

similar fashion as in free space. The length values for the 

standards used are rounded to two decimal places due to the 

limited accuracy of the length measurement. This has 

negligible effect on the TRL calibration, since only an 

approximate length is required by the TRL calibration 

algorithm. 

Table I also shows the dimensions of the corrugated 

waveguides for the MCKs operating in the WM-380 band. For 

this MCK, no metal line standards have been fabricated, and 

only a line standard based on an air gap was employed for TRL 

calibration in this band. The length of this standard is given in 

Table I. 

III. RESULTS 

Three different common dielectric materials (PTFE, silicon 

and Rogers 3003) were measured using the MCK with different 

calibration techniques in the two waveguide bands within the 

range of 140 GHz to 750 GHz. The same samples were also 

measured using TDS for comparison. The TDS system used 

was a laboratory-built instrument employing a standard 

configuration incorporating a Ti:Sapphire femtosecond laser, 

four off-axis parabolic mirrors, a biased GaAs emitter, and 

electro-optic detection using a ZnTe crystal and balanced Si 

photodiodes. The TDS was frequency-calibrated and had its 

amplitude linearity verified as described in [20]. 

The permittivity and loss tangent of the materials can be 

calculated directly from the S-parameters obtained using 

MCKs. In this work, the NIST (National Institute of Standards 

and Technology) precision model [21] was employed to extract 

the material properties from S21 (or S12). The reflection 

responses, S11 (or S22), were not used for calculation. This is a 

common approach used in free-space based techniques, in that 

the reflection responses are more prone to errors. To reduce 

random errors, the MCK measurements were repeated six 

times, and the results reported below are the mean of these six 

repetitions. 

A. Comparison of calibration techniques in the WR-5 band 

Four different calibrations were applied to the WR-5 MCK 

and these calibrations are: GRL (Gated-Thru-Reflect), TRL 

using the metal line standard with a larger inner diameter, TRL 

using the metal line standard with a smaller inner diameter, 

TRL using an air gap as the line standard. These metal line 

standards are shown in Fig. 2.  

As mentioned in Section II, all TRL calibrations were also 

subject to gating in the time domain. The gate widths were 

optimized for each sample. Figs. 3, 4 and 5 show the extracted 
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Fig. 5.  Extracted (a) relative permittivity, ε', and (b) the loss tangent, tan δ, for 

Rogers 3003 sample (thickness 1.50 mm) using MCK with four different 

calibration techniques: GRL, TRL using metal line standard with larger inner 

hole, TRL using metal line standard with smaller inner hole, TRL using an air 

gap as a line standard.  
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(b) 

 

Fig. 6.  Extracted (a) relative permittivity, ε', and (b) the loss tangent, tan δ, for 

the PTFE sample (thickness 5.99 mm) using MCK with TRL-air-gap 

calibration and TDS. 

 
(a) 

 

 
(b) 

 

Fig. 7.  Extracted (a) relative permittivity, ε', and (b) the loss tangent, tan δ, for 

the silicon sample (thickness 3.06 mm) using MCK with TRL-air-gap 

calibration and TDS.  

relative permittivities and loss tangents for the PTFE, silicon 

and Rogers 3003 samples, respectively. These three MUTs are 

homogeneous materials, and therefore should have a weak and 

monotonous frequency dependence. Hence, traces with no 

oscillations are expected. The relative permittivities and loss 

tangents extracted using TRL calibrations have smoother traces, 

particularly for the silicon sample which has a relatively high 

relative permittivity. In contrast, there exist noticeable ripples 

in the measured results of the silicon sample subject to GRL 

calibration. The observed oscillations in the data are believed to 

be due to standing waves in the sample and mismatches 

associated with the MCK. TRL provides improved and more 

robust correction to errors in the measurements, compared to 

GRL (which is an inherently simpler calibration 

technique [12]). This is reflected in the measured relative 

permittivity and loss tangent of the silicon sample, where TRL 

calibration yields considerable improvement (in terms of the 

reduced size of the ripples) compared with GRL, as shown in 

Fig. 4 (b). The improvement is less obvious for the PTFE and 

Rogers 3003 samples, due to their relatively low relative 

permittivities (i.e. the small amount of energy reflected from 

the samples and subsequent insignificant multiple reflections).  

TRL calibrations based on different line standards produce 

similar results, as shown in Figs. 3-5. This suggests that a 

simple air gap can work as effectively as dedicated lines 

fabricated from metal, due to the fact that the HE11 mode in the 

corrugated waveguide couples to the fundamental Gaussian 

mode at the aperture with very high efficiency (i.e. around 98 %) 

[11], [22].  

The results for Rogers 3003 show some differences between 

these four calibration techniques. This is believed to be related 

to the small sample thickness, making the sample more prone to 

deformation during measurement. As described above, samples 

are clamped between the two corrugated waveguides of the 

MCK, and a sufficient contact force needs to be applied to 

avoid any air gaps. For thin samples, the sample can become 

slightly distorted during measurement, which introduces errors 

in the measurement results because the MCK technique (like 

the conventional free-space technique) assumes plane-wave 

illumination of the samples [23]. The deviation in results 

achieved using different calibration techniques, as shown in 

Fig. 5, is likely attributed to such measurement errors, instead 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTHZ.2020.2999631, IEEE
Transactions on Terahertz Science and Technology

 

 

 
(a) 

 

 
(b) 

 

Fig. 8.  Extracted (a) relative permittivity, ε', and (b) the loss tangent, tan δ, for 

Rogers 3003 sample (thickness 1.50 mm) using MCK with TRL-air-gap 

calibration and TDS.  

 

 

TABLE II 

EXTRACTED RELATIVE PERMITTIVITY VALUES USING MCK WITH TRL-AIR- GAP CALIBRATION, COMPARED WITH TDS VALUES, AVERAGED OVER FREQUENCY. 

VALUES FOUND IN THE LITERATURE ARE ALSO INCLUDED FOR COMPARISON. 

Samples  TRL using an air gap as line standard, ε' TDS, ε' Literature, ε' 

PTFE  2.014 2.030 ± 0.010 
2.060 @ 300 GHz, [24] 

2.040 @ 500 GHz, [25] 

Silicon  11.683 11.630 ± 0.010 
11.700 @ 700 GHz, [26] 

11.670 @ 1 THz, [27] 

Roger 3003  3.117 3.100  ± 0.010 
3.000 @ 60 GHz, [28] 

3.000 @ 10 GHz, [29] 

 

TABLE III 

EXTRACTED LOSS TANGENT VALUES USING MCK WITH TRL-AIR-GAP CALIBRATION, COMPARED WITH TDS VALUES, AVERAGED OVER FREQUENCY. VALUES 

FOUND IN THE LITERATURE ARE ALSO INCLUDED FOR COMPARISON. 

Samples  TRL using an air gap as line standard, tan δ TDS, tan δ Literature, tan δ 

PTFE  0.001 0 0.001 0 ± 0.000 10 
0.002 0 @ 300 GHz, [24] 

0.002 4 @ 500 GHz, [25] 

Silicon  0.000 3 0.000 5 ± 0.000 03 
0.000 3 @ 700 GHz, [26] 

0.000 4 @ 1 THz, [27] 

Rogers 3003  0.007 0 0.005 8 ± 0.000 60 
0.001 3 @ 60 GHz, [28] 

0.001 3 @ 10 GHz, [29] 

 

of the different calibration techniques.  

Additionally, there is a significant possibility that there may 

be sidelobes and multiple reflections present at the corrugated 

horn measurement reference planes. This will introduce errors 

that will not be fully corrected by the calibration process.  

These errors will therefore need to be accounted for, during an 

evaluation of the overall uncertainty in these measurements. 

B. Comparison between MCK and TDS 

The same three samples were also measured using a MCK, 

calibrated with the TRL technique (based on an air gap as a line 

standard), in the WM-380 waveguide band. These results were 

compared with those from TDS measurements carried out at 

NPL. Figs. 6, 7 and 8 show the extracted relative permittivities 

and loss tangents for PTFE, silicon, and Rogers 3003 

respectively. The results using MCK show reasonable 

agreement with those obtained by TDS. Note that the MCKs’ 

results of each sample were a combination of two separate 

measurement exercises involving different hardware: hence, 

random errors such as contact repeatability have contributed to 

the variability in these results. The TDS measurement captured 

the data for each sample in one go and therefore is not expected 

to vary due to crossing different waveguide bands. This is 

believed to account for some of the observed differences in the 

results from MCK and TDS. 

The measured loss tangent shown in Figs. 4, 6 and 7 include 

some values that are less than zero. Although it is theoretically 

not possible for the true value of the loss tangent of these 

materials to be less than zero, in practice, such measured values 

can sometimes occur for very low loss materials (i.e., where the 

true value of the loss tangent is close to zero), due to inherent 

measurement error. If this error is negative, the measured value 

will be less than the true value, which can result in measured 

values being less than zero. 

It can be observed from Fig. 7 (b) that periodic oscillation 

occurs in the measured loss tangent of the silicon sample, with 

an etalon frequency of around 15 GHz. This is attributable to 

the standing waves in the silicon sample, which cannot be 

eliminated by calibration techniques. The etalon frequency, 

which is a function of sample thickness, L, and material 

refractive index, n (i.e. √ε'), can be calculated as c/(2nL). 

Similarly, oscillations occur in the result of the PTFE sample 

(see Fig. 6), with an etalon frequency of 17.5 GHz. This 

oscillation is weaker due to the refractive index of PTFE being 

significantly lower than silicon, resulting in oscillations with 

smaller amplitudes. The oscillation shown in Fig. 8 is likely 

caused by factors including standing waves in the Rogers 3003 

sample and unexpected multiple reflections (e.g. as a result of 

sample deformation during measurement). 

Tables II and III summarize the results extracted using 

MCKs and TDS. Note that the loss tangent of Rogers 3003, 

which is a lossy material, increases with frequency. Therefore, 

in this case the values of relative permittivity and loss tangent 
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obtained by MCK are averaged over two waveguide bands 

within the frequency range of 140-750 GHz and the values 

obtained by TDS are averaged over the frequency range of 

120-750 GHz. The quoted values for TDS include estimates of 

the overall uncertainties of these measurements. Reference [16] 

presents an investigation into measurement uncertainties in the 

extracted material properties associated with MCKs, due to 

random errors (i.e. the samples’ insertion repeatability) and 

systematic errors (i.e. measured S-parameters and thickness of 

samples). It has been found that systematic errors account for 

most of the overall uncertainties [16]. Here, this work is 

devoted to an investigation into new calibration techniques for 

MCKs, and so uncertainties are not discussed. 

The values of relative permittivity and loss tangent presented 

in Tables II and III also show acceptable agreement with those 

published in the literature. It is noted that there are no published 

values for Rogers 3003 at higher frequencies (i.e., greater than 

100 GHz) and that values at higher frequencies are expected to 

be different from values at lower frequencies since Rogers 3003 

is a polar material with significant absorption.  

CONCLUSIONS 

This paper has presented a study of different calibration 

techniques for material characterization at millimeter-wave and 

terahertz frequencies using MCKs. Common low-loss 

dielectric materials (PTFE, silicon, and Rogers 3003) have 

been measured using MCKs with TRL calibration techniques. 

Improvement in the extracted relative permittivity and loss 

tangent has been achieved via the TRL calibrations. It has been 

demonstrated that TRL calibration can adopt an air gap as the 

line standard. This is beneficial to users as no additional 

hardware is required to implement the TRL technique and to 

achieve higher accuracy in the measurements. The results from 

MCKs have also been benchmarked with TDS at NPL for these 

three types of material. Good agreement between relative 

permittivity results has been obtained. Neither MCK nor TDS 

is ideally suited to characterize the loss tangent of very low loss 

dielectric materials (such as those measured in this work). 

Other resonator-based techniques should provide better loss 

tangent measurements. In summary, MCKs with TRL 

calibrations have been shown to be a promising alternative 

technique for material characterization at millimeter-wave and 

terahertz frequencies. 
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