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Abstract 

 
The application of a millimeter-wave dielectric waveguide reflectometer probe to the measurement of the complex 

permittivity of solid samples has been investigated in the frequency range 75 – 110 GHz. Electromagnetic modeling of 

the fields in the waveguide, sample and the surrounding media, has been used to relate measured reflection coefficient 

to sample permittivity. This study has demonstrated the basic viability of this approach. It has the advantage that it can, 

in principle, be used at terahertz frequencies.   

 

1. Introduction 
 

In the millimeter-wave (mm-wave) region of the Electromagnetic (EM) spectrum above 30 GHz the performance of 

conventional rectangular metal waveguide tends to fall as the frequency rises. When employed in the measurement of 

the scattering parameters (S-parameters) of travelling waves, it cannot deliver uncertainties that are as small as those 

attainable at lower microwave frequencies because of the greater influence of the imperfections in the smaller 

waveguide. Thus the influence of variable corner curvature in the cross-section of the waveguide and misalignment of 

waveguide joints causes significant errors that arise from mismatches. Furthermore, metal waveguide is inflexible to use 

and time consuming to connect and reconnect. These considerations have led a number of workers in the mm-wave 

field, especially metrologists, to turn to Dielectric Waveguide (DW) instead of metal waveguide as a guided 

propagation medium. Thus Hjipieris et al. [1] have employed DW in a mm-wave six-port reflectometer and Collier & 

Hasko [2] subsequently evaluated the use of thin resistive films as power splitters in such DW applications. More 

recently, workers at the UK National Physical Laboratory (NPL) [3-5] have undertaken a number of projects to promote 

DW as a standard propagation medium for metrology at mm-wave frequencies. One of the major advantages of DW is 

the fact that misalignments and small gaps between abutted DWs cause far smaller impedance mismatches than do 

comparable alignment errors when using metal waveguide [4, 5].  

 

 

 
 

Figure 1.  Calibration of the Dielectric Waveguide Reflectometer (DWR). The probe is on the left: it 

emerges from the horn antenna that acts as the metal-waveguide-to-dielectric-waveguide transition. The 

calibration wheel on the right [4, 5] can be rotated to present up to five offset-short DW calibration 

standards to the probe plus one direct short-circuit.  

The most recently published advance in this DW metrology at NPL was the construction of a “calibration 

wheel” to allow automatic vector network analyzer (VNA) based DW reflectometry to be carried out in the 75 – 



110 GHz frequency band [4, 5]. This device is shown in Figure 1. The VNA calibration procedure uses a number of 

offset short-circuits mounted on the wheel as standards. They consist of short lengths of DW backed by a metal 

reflector. Also shown is the DW probe itself and the horn antenna that is used as a transition from metal to dielectric 

waveguide.  

 
The aim of the work described in this paper has been to investigate whether the Dielectric Waveguide Reflectometer 

(DWR) shown in Figure 1 can be employed for mm-wave measurement of the complex permittivity, ε*, of dielectric 

samples which are presented to it. This approach could have a number of advantages over more conventional techniques 

for ε*. First, probes in general are far more convenient to use than methods in which dielectric samples have to be 

enclosed in a measurement cell (see, e.g. [6]). Secondly, as mentioned above, DW reflectometry is tolerant of contact 

imperfections, so that the small gaps and alignment problems that arise when a solid dielectric sample is presented to 

the DWR should create smaller mismatches than those arising with an equivalent metal waveguide reflectometer. 

Thirdly, and this is a major motivation for this investigation, the DWR probe method can, in principle, be extended up 

to terahertz (THz) frequencies. The exploitation of the “THz gap” in the EM spectrum continues to progress, with 

applications being developed in biochemical and pharmaceutical quality control, security screening and remote sensing 

of the environment. However accurate THz measurements are hard to achieve, though they are certainly required in 

order to optimize the performance of new THz instrumentation. The new DWR approach described here aims to address 

this problem. It potentially complements the quasioptical methods that are already in use for EM THz materials, e.g. 

THz Pulse Imaging (TPI) and Dispersive Fourier Transform Spectroscopy (DFTS) (see [7] for descriptions of these 

methods). This paper describes the findings of a “proof of principle” study for this DRW probe method. While it 

ultimately aims at THz applications, the study has been carried out entirely at mm-wave frequencies: 75 – 110 GHz.   
 

 

2. Measurement and Modeling Procedures 
 

The measurement procedure under investigation in this study requires that the flat-ended DW probe be abutted onto the 

dielectric sample, see Figure 2. The complex permittivity of the sample, ε*, will be deduced from the measured 

reflection coefficient, Γ. The DWR employed uses rectangular DW of polypropylene dielectric with real permittivity, 

εDW′, of 2.3. The DW width (y-axis) and height (x-axis) are 2.53 mm and 1.27 mm respectively. The propagation mode 

employed is the fundamental mode in which the dominant electric field (E-field) direction is perpendicular to  the broad 

face of the guide. Figures 2 (a) and (b) show computed contours of this field component, Ex, when the DWR is 

presented, respectively, with two different dielectric samples. Part of the signal from the VNA source reflects from the 

sample surface back into the VNA, another part propagates onto the rear of the sample (at the right) where a metal 

mirror reflects most of it back to the DW and then on to the VNA. In order to test this method, NPL has been able to 

call upon a comprehensive set of solid dielectric reference samples with traceably known permittivity.  
 

Relating the measured Γ to ε* requires that the fields in and around the DW and the sample must be modeled. These 

EM field patterns are complicated. For example, there are evanescent electromagnetic (EM) fields in the air around the 

DW, as shown in Figure 2, and this makes any analytical approach to modeling the fields intrinsically difficult. But any 

useable dielectric sample geometry for practical dielectric probing will be even more complicated and therefore far 

more difficult to model analytically. Therefore, although numerical analysis can be used to describe and quantify the 

modal fields (see, e.g. [8]), the modeling approach adopted here is to use a well-tested proprietary modeling package: 

CST Microwave Studio. This approach is perfectly feasible for the R&D studies undertaken here, but in the longer term 

full traceability for dielectric measurements will require the modeling to be checked by independent validated methods.  

   

The main focus of this ongoing investigation is to establish the conditions under which this measurement approach can 

be useful. For example, over which range of ε* values can the method be usefully employed? What shape and size of 

dielectric sample is required? Questions that ultimately need to be answered include: 

• Faithfulness of modeling: does the measurement geometry assumed in the model match the physical measurement 

geometry sufficiently closely? E.g. the influence on Γ of the fields in the air around the DW needs to be assessed. 

• What are the errors introduced by the DWR calibration procedure? Similar issues associated with effects of the 

fields around the DW apply here too.  

• How important is close contact between the probe and the sample? 

• What is the best geometry for the sample? We have measured dielectric reference samples machined to have lateral 

dimensions much larger than those of the DW. Is this the best configuration, or are much smaller samples better?  

• Can very thin samples be measured?  



 

The latest findings on these issues will be presented at the conference.  

 

       (a)                                                                                           (b)   

Figure 2.  CST Microwave Studio electric field model of DWR measurements upon 3-mm-thick dielectric 

samples at 105 GHz, showing contours of the Ex field magnitude at a single point in time. The sample is 

shown in yellow at the right. The signal from the VNA source propagates from left to right along the DW (in 

blue). In (a) the permittivity of the sample, ε′, is 2.3, which is the same as that of the polypropylene DW – 

note that the field wavelength is similar in both the DW and the sample as a consequence. In (b) ε′ = 10 and 

so the signal wavelength in the sample is much shorter than that in the waveguide. 

 

3. Results of Measurement and Modeling  
 

Our initial studies covered the development of the best calibration method for the DWR and the determination of a 

value for the DW propagation constant, β(f), with sufficiently low uncertainty, where f is the measurement frequency. 

This parameter is needed both for accurate calibration of the DWR and for deriving ε* in subsequent measurements. 

Agreement between measured and modelled values for β was established to within 4%, which was deemed to be 

sufficiently accurate to proceed with the study.  Measurements have been performed on ten 50-mm diameter dielectric 

reference samples, all of which have known ε* values, as previously determined traceably at NPL by other methods. 

The measured materials are polyethylene, Macor, BSZ, YAG, and BK7 these are all low loss samples whose 

permittivities are, respectively, 2.3, 5.6, 34, 10.6 and 3.7 As an additional check on the faithfulness of the modeling, 

measurements have also been performed upon air over the range of thicknesses 1 – 40 mm. In all cases, the 

measurements have been compared to the predicted Microwave Studio response. Figure 3 shows two such comparisons, 

which (with known calibration errors taken into account at some frequencies) show a level of agreement that is 

encouraging.  

4. Discussion 
 

It is clear from the results of this study that faithful capture of the thickness and geometry of the sample is essential if 

accurate permittivity measurement is to be achieved through field modeling. This is shown, for example, by the ripples 

that are apparent in all of the measurements; see Figure 3 (a). They are caused by interference between reflections from 

the probe-tip/sample interface and the metal mirror at the back of the sample. As is shown in Figure 2, the DWR probe 

launches a ‘beam’ of power into the sample, which is quite well collimated. Nevertheless, fields do diverge into other 

regions of the sample and accurate evaluation of ε* will require these fields to be accurately modeled too.  

 

Our initial assessment of this technique indicates that use of a discretised (as opposed to analytical) modeling approach, 

such as finite element or finite difference, will probably always be necessary to capture the details of any practical 

measurement geometry (CST Microwave studio is of this type). It will probably also be necessary to measure across a 

frequency band to allow ripple-matching of permittivity, because the Γ-to-ε* relationship is many to one for large 

specimens, leading to ambiguities of interpretation if measurements are performed at a single frequency. Derivation of 

ε* from Γ can be performed iteratively if this approach is followed. Our ongoing work here is addressing a number of 



the issues listed in Section 2, but achievements already made include the determination of key DW propagation 

parameters and agreement between measurements and modeling on reference dielectric samples.   

(a)                                                          (b)                          

Figure 3.  Calculated and measured Γ magnitudes.  Measurements at 1 GHz intervals. Geometry as in Figure 2. 

Spurious peaks at 86 GHz (removed) and 103 GHz are caused by known calibration errors. (a) Γ from 20 mm of 

air backed by a metal mirror, the ripples are caused by interference between reflections from the probe tip and 

the mirror. (b) Γ from a 1.864-mm-thick sample of Macor, with ε′ = 5.65 and loss tangent 0.013.  
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