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Abstract 

At the present time, transfer and verification standards of transmission coefficient (or, equivalently, 

transmission loss) are not readily available at high millimetre-wave frequencies (i.e. at frequencies 

ranging typically from 100 GHz to 300 GHz).  In recent years, cross-connected waveguide devices 

have been proposed to provide calculable standards of transmission loss at these frequencies.  This 

paper investigates the viability of these cross-connected waveguides as transfer standards of 

transmission for inter-laboratory measurement comparison exercises. This relates to their potential 

use in activities such as international key comparison exercises and measurement audit 

programmes.  A trial inter-laboratory comparison involving four laboratories using two cross-

connected waveguides in the WR-05 waveguide size (covering frequencies from 140 GHz to 220 GHz) 

is described and includes an analysis of the measurement results obtained during the comparison 

exercise. 
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1. INTRODUCTION 

In recent years, there has been a growing interest in the use of frequencies in the higher millimetre-

wave region of the electromagnetic spectrum (i.e., typically, from 100 GHz to 300 GHz). This interest 

is being driven by many new developments that are opening up this area of the electromagnetic 

spectrum for new end-user applications, for example in electronics [1], communications [2] and 

security [3]. 

With these new applications comes the need for reliable test and measurement of devices and 

products operating at these frequencies.  For high-frequency test and measurement, the Vector 



Network Analyser (VNA) is one of the most versatile and widely used measuring instruments for 

electronic component and circuit analysis.  The upper operating frequency of commercially available 

VNAs has increased significantly during the past decade or so.  VNAs are now available that operate 

at all frequencies across the millimetre-wave region (i.e., from 30 GHz to 300 GHz) and into the 

submillimetre-wave region (i.e., at frequencies above 300 GHz). For frequencies above 100 GHz, 

rectangular metallic waveguide is usually chosen to provide the VNA test ports.  The recommended 

frequency range for each waveguide size is given in numerous international standards [4-6].  To 

provide a VNA for a given waveguide size, a pair of waveguide Extender Heads is needed to enable 

the VNA to operate over the required range of frequencies [7, 8].  One pair of extender heads is used 

for each waveguide band that is needed for making the measurements.      

With this increase in frequency comes a need for validating the quality of measurements made using 

VNAs operating at these frequencies.  One method that is often used to validate measurement 

systems at different locations is through the use of measurement Inter-Laboratory Comparison (ILC) 

exercises.  These exercises usually involve circulating a series of pre-determined devices to 

laboratories wishing to participate in the exercise and comparing and analysing the results obtained 

by the participating laboratories.  However, this pre-supposes the availability of suitable test devices 

for the ILC.  In general, devices used in ILCs need to be physically robust ʹ i.e. they must be able to 

withstand transportation between the various laboratories participating in the ILC.  These 

participants may be situated in different parts of the world.  The devices must also exhibit stable 

performance ʹ i.e. the electrical characteristics that will be measured during the ILC must remain 

essentially the same for the duration of the ILC.  This is so that the analysis of the measurement 

results obtained by the participants in the ILC is relatively straight-forward (i.e. that each participant 

has measured essentially the same measurands).  Finally, the devices need to exhibit measured 

values that are of interest to the participants and within the measuring capabilities (i.e. dynamic 

ranges) of the measurement systems used by the participants.  In other words, the measured values 

should be within the range of values that are usually measured by the measurement systems, and, 

are representative of values of interest to the participants.   

One such candidate device for ILCs at these high millimetre-wave frequencies is the so-called cross-

connected waveguide [9].  These devices have been used previously at these frequencies as 

verification standards, to verify calibrations of individual VNA systems [10].  This paper examines the 

use of cross-connected waveguides as candidate transfer standards in ILC exercises involving 

transmission measurements made by multiple VNA systems situated at different locations.  Two 

cross-connected waveguides are used in this comparison, both in the WR-05 waveguide size (which 

operates from 140 GHz to 220 GHz).  In this ILC, the devices are each measured separately, then 



ŵĞĂƐƵƌĞĚ ͚ĐĂƐĐĂĚĞĚ͛ ;ŝ͘Ğ͘ ũŽŝŶĞĚ ƚŽŐĞƚŚĞƌ ƚŽ ĨŽƌŵ Ă ƐŝŶŐůĞ, combined, device).  TheƐĞ ͚ƚŚƌĞĞ͛ devices-

under-test (DUT) have been measured by four laboratories ʹ two in the United Kingdom (UK), one in 

Germany, and one in China.  The magnitude of the transmission coefficient (i.e. |S21| or |S12|) of 

these cross-connected waveguides, measured at a series of frequencies across the waveguide band, 

is used as the measurands for the ILC. The paper presents an analysis of the results from the ILC in 

order to demonstrate the suitability of these cross-connected waveguides as transfer standards of 

transmission for ILC exercises, including Key Comparisons organised by regional and international 

metrology organisations (e.g. BIPM, EURAMET, APMP, etc). 

 

2. ILC DETAILS 

2.1 Cross-guide Realisation  

A cross-connected waveguide consists of a short section of waveguide that is orientated during 

connection such that the waveguide aperture is at right-angles to the waveguide apertures on the 

VNA test ports.  The cross-connected waveguide (or ͚ĐƌŽƐƐ-ŐƵŝĚĞ͕͛ ĨŽƌ ƐŚŽƌƚͿ ĨŽƌŵƐ Ă ƐĞĐƚŝŽŶ ŽĨ 

waveguide that is effectively below cut-off and so its loss can be predicted from electromagnetic 

theory, e.g. using 3-D electromagnetic simulation software.  Figure 1 illustrates the concept of a 

cross-guide. For a given waveguide size, different lengths of cross-guide give different values of 

transmission coefficient.   

 

Figure 1. IůůƵƐƚƌĂƚŝŽŶ ƐŚŽǁŝŶŐ ƚŚĞ ĐŽŶĐĞƉƚ ŽĨ Ă ͚ĐƌŽƐƐ-ŐƵŝĚĞ͛͘ TŚƌĞĞ ƐĞĐƚŝŽŶƐ ŽĨ ǁĂǀĞŐƵŝĚĞ ĂƌĞ ƐŚŽǁŶ͗ 

the two outer sections represent the VNA test ports; the inner section is a section of waveguide 

connected a right-angles to the two VNA test ports.   

 

2.2 Waveguide Interfaces 

Many waveguides used at millimetre-wave frequencies are fitted with so-called UG-387 type 

interfaces [11], as shown in Figure 2a.  However, these interfaces do not perform well, in terms of 

their ability to align waveguides accurately and repeatedly, at frequencies above 100 GHz.  This is 



because the dimensions of the waveguide aperture (i.e. the aperture width and height) are very 

small at these frequencies.  This has led to modified versions of this interface being developed to 

improve the alignment of these waveguides so they can be used reliably at frequencies above 

100 GHz.  One modified version ʹ sometimes called the ͚ƉƌĞĐŝƐŝŽŶ͛ UG-387 interface [12] ʹ contains 

two additional alignment holes situated immediately above and below the waveguide aperture, as 

shown in Figure 2b.  The method of aligning waveguides fitted with precision UG-387 interfaces is to 

insert precision dowel pins into these two inner holes before making a connection to another 

precision UG-387 interface.   

 

Figure 2. Waveguide interfaces: (a) conventional UG-ϯϴϳ͖ ;ďͿ ͚ƉƌĞĐŝƐŝŽŶ͛ UG-387 containing two 

additional inner alignment dowel holes, as indicated.   

 

2.3 Test Devices 

Figure 3 shows a photograph of the two WR-05 cross-guides used for this ILC.  Note that, for these 

devices, the waveguide interface includes two additional inner alignment holes situated on either 

side of the waveguide aperture.   This is so that two precision dowel pins can be inserted into these 

holes along with the inner alignment holes on the VNA test port interfaces (assuming they are also 

precision UG-387 interfaces). This provides improved alignment of the lines to the VNA test ports, 

when the lines are connected in the cross-guide configuration. 

In addition to measuring each cross-guide as a separate DUT, the two cross-guides were connected 

Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ;ŝ͘Ğ͘ ŝŶ ͚ĐĂƐĐĂĚĞ͛Ϳ to form ĞĨĨĞĐƚŝǀĞůǇ Ă ͚ƚŚŝƌĚ͛ DUT.  This combination produces a 

decrease in transmission when compared with the transmission produced when each line is 

measured on its own.  When cascading two cross-guide sections, the correct orientation of each 

cross-guide is maintained by inserting dowel pins into the two additional inner alignment holes in 

each of the cross-guide sections, as shown in Figure 3. 

a b Inner alignment holes 



Therefore three cross-guide DUTs were measured during this exercise, with lengths: (i) 0.62 mm, 

(ii) 1.36 mm, and (iii) 1.98 mm (i.e. 0.62 mm + 1.36 mm). The transmission magnitude (i.e. the 

average of |S21| and |S12|), expressed in dB, for each DUT was measured from 140 GHz to 220 GHz 

at 101 regularly-spaced frequency points ʹ i.e. at intervals of 800 MHz.  (Some of the participants 

measured at additional frequencies but these have not been analysed as part of this ILC.) 

 

 

 

 

 

 

 

 

Figure 3. Photograph showing the two cross-guides used for the ILC exercise.  Also indicated are the 

additional inner alignment holes for aligning the waveguide when it is cross-connected to other 

waveguide. 

 

2.4. Participants 

Four organisations participated in the ILC: (i) National Institute of Metrology (NIM), China; 

(ii) National Physical Laboratory (NPL), UK; (iii) Physikalisch-Technische Bundesanstalt (PTB), 

Germany; (iv) University of Leeds, UK.  Details of the measurement systems used by each participant 

are described below. 

(i) The system used by NIM was an Agilent Technologies PNA-X VNA fitted with Virginia Diodes Inc 

WR-05 waveguide Extender Heads.  The Intermediate Frequency (IF) bandwidth was set to 30 Hz.  

No numerical signal averaging (or smoothing) was used.  The VNA was calibrated using a TRL 

calibration scheme [13].  Two precision sections of waveguide manufactured by OML, Inc, were used 

to establish the VNA test port reference planes. 

(ii) The type of system and set-up used by NPL was similar to that used by NIM. The only difference 

was that the NPL set-up used two precision sections of waveguide manufactured by Flann 

Microwave Ltd to form the VNA test port reference planes. 

Additional inner alignment holes 



(iii) The system used by PTB was an Agilent Technologies PNA VNA fitted with Rohde & Schwarz 

ZVA-Z220 WR-05 waveguide Extender Heads.  The Intermediate Frequency (IF) bandwidth was set to 

10 Hz.  No numerical signal averaging (or smoothing) was used.  The VNA was calibrated using a TRL 

calibration scheme [14].   

(iv) The system used by the University of Leeds was an Agilent Technologies 8510C VNA fitted with 

OML Inc WR-05 waveguide Extender Heads.  A point Averaging Factor of 1024 was used and  no 

trace smoothing was applied.  The VNA was calibrated using an LRL calibration scheme [15] with the 

isolation step omitted. The test ports comprised sections of waveguide manufactured by OML Inc. 

 

3. RESULTS 

The results obtained for the three cross-guide DUTs (0.62 mm, 1.36 mm and 1.98 mm) are shown in 

Figures 4, 5 and 6.  The results are shown as the logarithmic magnitude of the transmission 

coefficient (in dB) as a function of frequency. These Figures show that the transmission for each 

cross-guide increases smoothly as a function of frequency, across the full operating bandwidth of the 

waveguide.  This is summarised in Table 1, which shows that, when taken together, these cross-

guides provide transmission magnitude values that range from -10 dB to -70 dB. To some extent, this 

corresponds approximately to the typical range of transmission measurements for passive devices 

using these types of VNA.   

Table 1. Approximate ranges of values of transmission produced by the three cross-guides.  

Cross-guide nominal length / 

mm 

Approximate transmission magnitude / dB 

140 GHz 220 GHz 

0.62 -25 -10 

1.36 -50 -20 

1.98 -70 -25 

 

Figures 4, 5 and 6, show that, at any given frequency, the measured transmission due to the 

1.98 mm cross-guide is not equal to the sum of the measured transmission due to the 0.62 mm and 

1.36 mm cross-guides.  In fact, the measured transmission of the 1.98 mm cross-guide is always 

greater than the sum of the measured transmission magnitudes of the 0.62 mm and 1.36 mm cross-

guides.  This is most likely due to the mechanisms that give rise to the loss in transmission for any 

given cross-guide device.  The overall loss for a cross-guide is caused by a combination of loss due to 

reflection (at the interfaces between the cross-guide and the VNA test port reference planes) and 

loss due to transmission (as the electromagnetic wave decays evanescently through the cross-guide 

section which is below cut-off).  The loss due to reflection will be similar for any given cross-guide 



device.  Therefore, a cross-guide that has been constructed by joining together two separate 

sections of cross-guide will exhibit the same loss due to reflection as any single cross-guide device. 

So, whereas two single cross-guides will each exhibit a similar amount of loss due to reflection, a 

cross-guide that is formed by joining together two single cross-guides will still only produce the same 

loss due to reflection as any other single section of cross-guide. In addition, the inevitable 

misalignment of the two cascaded sections of cross-guide will contribute to the overall loss 

produced by the cross-guide sections.   

 

Figure 4. PĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞŵĞŶƚ ƌĞƐƵůƚƐ ĨŽƌ ƚŚĞ Ϭ͘ϲϮ ŵŵ ĐƌŽƐƐ-guide. 

 

Figure 5. PĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞŵĞŶƚ ƌĞƐƵůƚƐ ĨŽƌ ƚŚĞ ϭ͘ϯϲ ŵŵ ĐƌŽƐƐ-guide. 



 

Figure 6. PĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞŵĞŶƚ ƌĞƐƵůƚƐ ĨŽƌ ƚŚĞ ϭ͘ϵϴ ŵŵ ĐƌŽƐƐ-guide. 

 

For the 1.98 mm cross-guide, the transmission magnitude at frequencies below 180 GHz is 

approaching the typical noise floor of the measurement systems. This is evident in the increased 

trace noise in the results obtained from each participant. Also, at some frequencies, a small 

systematic discontinuity can be seen in the measured transmission. In Figure 6, this effect is visible 

at approximately 190 GHz in the measurements from at least two participants. It is believed that this 

is caused by a cavity resonance, since the guide wavelength at around 190 GHz corresponds to the 

length of the cross-guide. 

The guide wavelength͕ ʄg, is given by: ߣ௚ ൌ  ఒටଵି ሺఒ ఒబൗ ሻమ     (1) 

where ʄ ŝƐ ƚŚĞ ĨƌĞĞ ƐƉĂĐĞ ǁĂǀĞůĞŶŐƚŚ ĂŶĚ ʄ0 is the waveguide cut-off wavelength, which is defined 

as: 

ʄ0 = 2a       (2) 

where a is the broad wall dimension of the waveguide.    

For WR-05 waveguide, the nominal broad wall dimension is 1.295 mm and so, according to 

equation ;ϮͿ͕ ʄ0 = 2 ϭ͘Ϯϵϱ с ϭ͘ϱϵϬ ŵŵ͘ TŚĞ ĨƌĞĞ ƐƉĂĐĞ ǁĂǀĞůĞŶŐƚŚ͕ ʄ͕ ŝƐ ŐŝǀĞŶ ďǇ͗  ߣ ൌ  ௖௙       (3) 



where c is the speed of light (299 792 458 ms-1) and f is the frequency.  According to equation (3), at 

ϭϵϬ GHǌ͕ ʄ с ϭ͘ϱϳϴ ŵŵ͘  “ƵďƐƚŝƚƵƚŝŶŐ ƚŚĞ ǀĂůƵĞƐ ŽĨ  ʄ0 ĂŶĚ ʄ ŝŶƚŽ ĞƋƵĂƚŝŽŶ ;ϭͿ ŐŝǀĞƐ ʄg = 1.989 mm, 

which is close to the nominal length of the 1.98 mm cross-guide line. 

In order to summarisĞ ƚŚĞƐĞ ƌĞƐƵůƚƐ ĂŶĚ ŝŶǀĞƐƚŝŐĂƚĞ ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞĚ 

values, an average (i.e. mean) value is calculated for each DUT at each frequency.   Figures 7, 8 and 9 

show plots of the differences, at each frequency, between each participanƚ͛Ɛ ǀĂůƵĞ Ănd the 

calculated mean value. 

All differences for the 0.62 mm and 1.36 mm cross-guides (shown in Figures 7 and 8) are within 2 dB 

of the mean values at all frequencies.   All differences for the 1.98 mm cross-guide (shown in 

Figure 9) are within 4 dB of the mean values at all frequencies.     

 

4. ANALYSIS 

4͘ϭ CŽŵƉĂƌŝŶŐ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ĚŝĨĨĞƌĞŶĐĞƐ 

The results shown in the previous section can be further summarised by presenting absolute 

ĚŝĨĨĞƌĞŶĐĞƐ ;ďĞƚǁĞĞŶ ĞĂĐŚ ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ ǀĂůƵĞ ĂŶĚ ƚŚĞ ŵĞĂŶ ǀĂůƵe) at selected frequencies (i.e. every 

20 GHz) across the band.  These values are presented in Tables 2 to 4, along with the mean values 

ĚĞƌŝǀĞĚ ĨƌŽŵ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞĚ ǀĂůƵĞƐ͘        

 

 

Figure 7. Difference between the participantƐ͛ values and the mean value, for the 0.62 mm cross-

guide. 



 

Figure 8. Difference between the participantƐ͛ values and the mean value for the 1.36 mm cross-

guide. 

 

Figure 9. Difference between the participantƐ͛ values and the mean value for the 1.98 mm cross-

guide. 

 

Table 2. Summary results for the 0.62 mm cross-guide. 

 

Frequency 

/ GHz 

Transmission magnitude / dB  

 

Mean 

Absolute difference from mean 

NIM NPL PTB ULE 

140 -27.03 0.21 0.03 0.36 0.18 

160 -22.21 0.06 0.39 0.45 0.91 

180 -18.65 0.22 0.03 0.15 0.10 

200 -14.81 0.06 0.10 0.32 0.48 

220 -11.29 0.02 0.03 0.20 0.21 



 

Table 3. Summary results for the 1.36 mm cross-guide. 

Frequency 

(GHz) 

Transmission magnitude / dB 

 

Mean  

Absolute difference from mean 

NIM NPL PTB ULE 

140 -50.70 0.23 0.65 0.52 0.11 

160 -43.50 0.16 0.33 0.55 1.05 

180 -36.89 0.23 0.05 0.21 0.07 

200 -28.98 0.03 0.29 0.28 0.59 

220 -19.43 0.12 0.45 0.06 0.39 

 

 

Table 4. Summary results for the 1.98 mm cross-guide. 

Frequency 

/ GHz 

Transmission magnitude / dB 

 

Mean  

Absolute difference from mean 

NIM NPL PTB ULE 

140 -69.91 0.28 1.35 2.21 3.83 

160 -62.17 0.72 0.18 0.07 0.97 

180 -52.95 0.11 0.16 0.27 0.01 

200 -41.34 0.26 0.17 0.50 0.41 

220 -26.08 0.05 0.01 0.34 0.30 

 

 

The likely uncertainty in measurements of cross-guides in WR-05 due to practical, and hence 

imperfect, realisation of the cross-guides (e.g. due to tolerances on critical dimensions) has been 

established elsewhere [16].  In addition, investigations in the connection repeatability of cross-

guides in WR-05 have been presented in [17].  The work in [16] and [17] has shown that, for cross-

guides in WR-05 ĨŝƚƚĞĚ ǁŝƚŚ ͚ƉƌĞĐŝƐŝŽŶ͛ UG-387 interfaces (as used in this investigation), errors due to 

connection repeatability are likely to be small compared to systematic errors due to the practical 

realisation of a cross-guide device.  These systematic errors will affect all measurements of cross-

guide devices and so will be present, to the same extent, in all the measurements made by the 

participants in this ILC.  Therefore, uncertainty estimates derived from assessments of these 

systematic errors can be used as generic uncertainty estimates for the measurements made by all 

the participants in the ILC.     However, this pre-supposes that other sources of error that are local to 

ĞĂĐŚ ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ ŵĞĂƐƵƌĞŵĞŶƚ ƐǇƐƚĞŵ ĂƌĞ ƌĞůĂƚŝǀĞůǇ ƐŵĂůů ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞƐĞ ƐǇƐƚĞŵĂƚŝĐ ĞƌƌŽƌƐ͘  

Such additional sources of uncertainty include imperfect VNA calibration, imperfect VNA linearity, 

and spectral purity of the VNA test frequency.  It is difficult to fully quantify these potential 



additional sources of uncertainty, but these uncertainty sources should be taken into consideration 

if the outcome from an ILC demonstrates a lacŬ ŽĨ ĞƋƵŝǀĂůĞŶĐĞ ďĞƚǁĞĞŶ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞŵĞŶƚ 

results.     

According to [16], the main contributions to the uncertainty in the realisation of a cross-guide device 

are due to: (i) errors in the assumed height of the waveguide aperture͕ ȴb; (ii) errors in the assumed 

length of the cross-ŐƵŝĚĞ͕ ȴl; and (iii) errors in the assumed 90 connection angle for the cross-guide 

with respect to the VNA test ports͕ ȴʔ͘  (Symbols used here are the same as used in [16].) 

Following the methods given in [16], the worst-case size of these errors for each of the three cross-

guides used in this ILC ĂƌĞ͗ ;ŝͿ ĨŽƌ ȴb͕ Ă ǀĂůƵĞ ŽĨ ϲ͘ϱ ʅŵ ŝƐ ƵƐĞĚ, as this is considered an achievable 

tolerance for this waveguide aperture dimension in this waveguide size [4΁͖ ;ŝŝͿ ĨŽƌ ȴl, a value ŽĨ ϯ ʅŵ 

is used, as this degree of accuracy is easily achievable for a routine length measurement (e.g. using a 

digital micrometer) of a short section of waveguide͖ ;ŝŝŝͿ ĨŽƌ ȴʔ͕ Ă ǀĂůƵĞ ŽĨ Ϭ͘ϰ is used, as this 

tolerance is suggested in [11] for a standard UG-387 flange type and so this is easily achievable using 

the inner dowel pins and holes on the cross-guides used in this comparison.  

The above worst-case errors ;ȴb͕ ȴl ĂŶĚ ȴʔͿ are converted into worst-case errors in the associated 

transmission magnitude (T;ȴb), T;ȴl), T;ȴʔͿͿ using electromagnetic simulation software ʹ in 

particular, CST Microwave Studio [18].  The simulation employs the time-domain solver in CST and 

uses a hexahedral mesh with a steady state limit of -40 dB.  The simulation is first run using nominal 

values for the waveguide dimensions.  These nominal values are: a broad wall dimension of 

1.295 mm, a narrow wall dimension of 0.647 5 mm, a cross-connection angle of 90, and cross-guide 

lengths of 0.62 mm, 1.36 mm and 1.98 mm.  Values produced by the simulation using these nominal 

values are shown in Tables 5, 6 and 7, in the column labelled T, at the same selected frequencies 

used in Tables 2 to 4.  The effect due to ĞĂĐŚ ĞƌƌŽƌ͕ ȴb͕ ȴl ĂŶĚ ȴʔ͕ ŝƐ then assessed, in turn, by 

running the simulation using nominal values for all parameters except the parameter being assessed, 

which takes on a value which is perturbed by the assumed error (i.e. perturbed by Ϭ͘ϲϱ ʅŵ ĨŽƌ ȴb, 

3 ʅŵ ĨŽƌ ȴl, and 0.4 for ȴʔ).  Each set of values produced by the simulation under these perturbed 

conditions is compared with the original values produced using all nominal values for the waveguide 

dimensions.  The difference between the two sets of values ʹ perturbed and nominal ʹ is taken as 

representing the size of the error in transmission magnitude (T;ȴb), T;ȴl), T;ȴʔͿͿ due to the error in 

the waveguide nominal values  (ȴb͕ ȴl, ȴʔ, respectively).  Values of T;ȴb), T;ȴl) and T;ȴʔͿ ĨŽƌ ĞĂĐŚ ŽĨ 

the three cross-guides used in this ILC are shown in Tables 5, 6 and 7. 

 

 

 



Table 5. Modelled worst-case errors, T;ȴb), T;ȴl), T;ȴɌ), and expanded uncertainty, U(T),  
for a 0.62 mm length of WR-05 cross-guide. 

 

Frequency  

/ GHz 
T / dB T(ȴb) / dB T(ȴl) / dB T(ȴɌ) / dB U(T) / dB 

140 -28.38  0.59 0.13 0.12 0.71  

160 -23.74  0.61 0.12 0.04 0.72  

180 -19.83  0.61 0.10 0.05 0.72  

200 -16.04  0.60 0.08 0.02 0.70  

220 -12.22  0.56 0.05 0.02 0.65  

 
 

Table 6. Modelled worst-case errors, T;ȴb), T;ȴl), T;ȴɌ), and expanded uncertainty, U(T),  

for a 1.36 mm length of WR-05 cross-guide. 

Frequency  

/ GHz 
T / dB T(ȴb) / dB T(ȴl) / dB T(ȴɌ) / dB U(T) / dB 

140 -53.54  1.21 0.13 0.46 1.50  

160 -46.82  1.01 0.11 0.19 1.19  

180 -39.86  1.11 0.08 0.11 1.29  

200 -32.10  1.21 0.07 0.12 1.41  

220 -22.53  1.46 0.04 0.08 1.69  

 
 

 

Table 7. Modelled worst-case errors, T;ȴb), T;ȴl), T;ȴɌ), and expanded uncertainty, U(T),  

for a 1.98 mm length of WR-05 cross-guide. 

Frequency 

/ GHz 
T / dB T(ȴb) / dB T(ȴl) / dB T(ȴɌ) / dB U(T) / dB 

140 -62.53  4.85 1.49 2.71 6.64  

160 -67.41  0.42 0.93 5.81 6.81  

180 -55.90  1.80 0.04 0.88 2.31  

200 -45.68  1.53 0.12 0.21 1.79  

220 -29.89  2.53 0.01 0.09 2.92  

 

Following guidance given in [16], these worst-case errors in magnitude transmission (T;ȴb), T;ȴl), 

T;ȴʔͿͿ ĂƌĞ ĐŽŶǀĞƌƚĞĚ ƚŽ ĞƋƵŝǀĂůĞŶƚ standard uncertainties using equations (4) to (6):    ݑଵሺܶሻ ൌ  ்ሺο௕ሻξଷ       (4) 

ଶሺܶሻݑ ൌ  ்ሺο௟ሻξଷ       (5) 

ଷሺܶሻݑ ൌ  ்ሺοథሻξଷ       (6) 

The combined standard uncertainty in transmission magnitude, u(T), due to the uncertainty 

contributions determined by equations (4) to (6), is given by [19]:  



ሺܶሻݑ ൌ  ඥݑଵଶሺܶሻ ൅ ݑଶଶሺܶሻ ൅  ଷଶሺܶሻ     (7)ݑ 

and the expanded uncertainty in transmission magnitude, U(T), is given by:   ܷሺܶሻ ൌ  ሺܶሻ      (8)ݑ݇

where k is a coverage factor. Values of U(T) (using k = 2) for each cross-guide are also shown in 

Tables 5, 6 and 7. A value of k = 2 is chosen to provide a coverage interval at a coverage probability 

of approximately 95%.  (NŽƚĞ͗ ƚŚĞ ƚĞƌŵƐ ͞ƐƚĂŶĚĂƌĚ ƵŶĐĞƌƚĂŝŶƚǇ͕͟ ͞ĞǆƉĂŶĚĞĚ ƵŶĐĞƌƚĂŝŶƚǇ͕͟ ͞coverage 

ĨĂĐƚŽƌ͕͟ ͞ĐŽǀĞƌĂŐĞ ŝŶƚĞƌǀĂů͟ ĂŶĚ ͞ĐŽǀĞƌĂŐĞ ƉƌŽďĂďŝůŝƚǇ͟ ĂƌĞ ĂƐ ĚĞĨŝŶĞĚ ŝŶ ΀20].) 

The values of U(T) given in Tables 5, 6 and 7 can be used to assess the significance of the absolute 

ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ǀĂůƵĞƐ ĂŶĚ ƚŚĞ ŵĞĂŶ ǀĂůƵĞƐ ƌĞƉŽƌƚĞĚ ŝŶ TĂďůĞƐ 2, 3 and 4.  In 

particular, if, for a given cross-guide at a given frequency, a participant͛Ɛ difference from the mean is 

less than the associated value of U(T), then the difference is not considered to be significant ʹ i.e. 

tŚĞ ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ ǀĂůƵĞ ĂŶĚ ƚŚe mean value are therefore considered to be equivalent (with respect 

to the associated expanded uncertainty).  IĨ͕ ŚŽǁĞǀĞƌ͕ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ ĚŝĨĨĞƌĞŶĐĞ ŝƐ ŐƌĞĂƚĞƌ ƚŚĂŶ ƚŚĞ 

associated value of U(T), then the difference is considered significant and so the ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ ǀĂůƵĞ 

and the mean value are not considered to be equivalent. Under these circumstances, the cause for 

the observed difference should be investigated further.  This concept of equivalence is in line with 

methods given elsewhere [21] for evaluating key comparison measurement data. 

Comparing the ƉĂƌƚŝĐŝƉĂŶƚƐ͛ differences at each frequency in Table 2 with the value of U(T) for the 

same frequency in Table 5, it is clear that the differences in the ƉĂƌƚŝĐŝƉĂŶƚƐ͛ measured values for the 

0.62 mm cross-guide are not significant at these selected frequencies ʹ ŝ͘Ğ͘ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ 

measurements can be considered to be equivalent.  Similarly, by comparing the ƉĂƌƚŝĐŝƉĂŶƚƐ͛ 

differences at each frequency in Table 3 with the value of U(T) for the same frequency in Table 6, the 

ƉĂƌƚŝĐŝƉĂŶƚƐ͛ measured values for the 1.36 mm cross-guide are also considered to be equivalent at 

these selected frequencies.  Finally, comparing the ƉĂƌƚŝĐŝƉĂŶƚƐ͛ differences at each frequency in 

Table 4 with the value of U(T) for the same frequency in Table 7, ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ŵĞĂƐƵƌĞĚ ǀĂůƵĞƐ 

for the 1.98 mm cross-guide are also considered to be equivalent at these selected frequencies.  This 

demonstrates that the measurements made by the participants in this ILC can be considered 

equivalent with each other at these selected frequencies.  However, it should be noted that, at 

ĨƌĞƋƵĞŶĐŝĞƐ ĂǁĂǇ ĨƌŽŵ ƚŚĞƐĞ ƐĞůĞĐƚĞĚ ĨƌĞƋƵĞŶĐŝĞƐ͕ ƐŽŵĞ ŽĨ ƚŚĞ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ 

values are likely to be greater than the associated uncertainty in the measurements.  Such 

differences would need to be investigated, on a case by case basis.     

    



4.2 Comparing measured with modelled values 

AƐ ǁĞůů ĂƐ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ͛ ĚŝĨĨĞƌĞŶĐĞƐ ĂŶĚ ƚŚĞ ƵŶĐĞƌƚĂŝŶƚŝĞƐ ŝŶ the transmission values for the cross-

guides, a comparison can also be made between the measured and the modelled transmission 

magnitude values.  This will indicate whether these modelled values for these cross-guides could be 

useful as reference (i.e. benchmark) values for assessing the quality of the measurements of these 

devices.  The mean measured values, for each cross-guide device, at selected frequencies, are shown 

in Tables 2, 3 and 4.  The modelled values, T, for a realisation of the same cross-guide devices using 

nominal dimensional values, at the same frequencies, are given in Tables 5, 6 and 7.  The differences 

between these measured and modelled values are shown in Table 8.   

 

Table 8. Differences between the mean measured values and the modelled values for each cross-

guide. 

Frequency 

/ GHz 

Differences (mean ʹ model) for each 

cross-guide / dB 

0.62 mm 1.36 mm 1.98 mm 

140 1.35 2.84 -7.38 

160 1.53 3.32 5.24 

180 1.18 2.97 2.95 

200 1.23 3.12 4.34 

220 0.93 3.10 3.81 

 

For all three cross-guides, at all selected frequencies, these differences are larger than the 

ĚŝĨĨĞƌĞŶĐĞƐ ďĞƚǁĞĞŶ ĞĂĐŚ ƉĂƌƚŝĐŝƉĂŶƚ͛Ɛ ǀĂůƵĞ ĂŶĚ ƚŚĞ ŵĞĂŶ ŵĞĂƐƵƌĞĚ ǀĂůƵĞ ;ƐŚŽǁŶ ŝŶ TĂďůĞƐ 2, 3 

and 4).   This shows that the difference between the measured performance of a cross-guide and 

modelled performance, using nominal values for the dimensions, is significant.  Therefore, under 

these circumstances, transmission coefficient values derived from these models are unlikely to be 

useful as reference values for benchmarking measurements (e.g. in ILC exercises and other 

validation/verification activities).  The reason for the significant discrepancy between measured and 

modelled values for these cross-guides is likely due to dimensional differences between a physically 

realised cross-guide and a cross-guide with nominal waveguide dimensions.  These dimensional 

differences will impact the electrical performance of the cross-guide so that the behaviour of the 

realised cross-guide will be significantly different from the modelled cross-guide.  Under these 

circumstances, in order to establish reference values for these cross-guides, it would be 

recommended to use either consensus values established by a series of measured values (e.g. as 



obtained during an ILC) or values supplied by a laboratory with metrological traceability to the 

international system of units (SI) [22].    

 

5. SUMMARY 

This paper has described an investigation into the suitability of cross-guides as transfer standards of 

transmission at high millimetre-wave frequencies.  The investigation has concentrated on the WR-05 

waveguide size (i.e. at frequencies from 140 GHz to 220 GHz) and involved undertaking an ILC 

involving four measurement laboratories ʹ NIM (China), NPL (UK), PTB (Germany), and University of 

Leeds (UK). 

Some conclusions can be drawn from the results of this exercise: 

i. The cross-guides used in the ILC behaved well throughout the ILC ʹ there was no obvious 

change in the electrical characteristics of the cross-guides (e.g. due to damage during transit 

between the participantƐ͛ sites or during measurement); 

ii. The cross-guides chosen for the exercise provided a range of transmission values that were 

useful for assessing the dynamic ranges of the participants͛ VNAs.  The cross-guide device that 

exhibited the lowest transmission (i.e. the 1.96 mm cross-guide) provided transmission values 

that were likely to be close to the instrument noise floors, at the lower part of the waveguide 

band, for these VNAs; 

iii. The measurements made by the participants generally showed good agreement, with 

differences between participants generally being less than the expected expanded uncertainty 

in the values of transmission generated by the cross-guides at selected frequencies.  However, 

some discrepancies were observed in the results, at some frequencies, and these would require 

further investigation in a formal ILC exercise; 

iv. The cross-guide configuration that exhibited the lowest transmission was realised by joining two 

separate cross-guide devices together (i.e. by joining the 0.62 mm and 1.36 mm cross-guide to 

form a cross-guide of 1.98 mm length).  This technique proved successful and meant that three 

values of transmission were realisable from just two cross-guide devices.  This technique could 

be useful for ILCs in the future that employ cross-guide devices as DUTs; 

v. It was found that the values of transmission measured by the participants were significantly 

different from values predicted using electromagnetic modelling software derived from models 

using nominal values for the waveguide dimensions.  This suggests that it is not realistic to use 

modelled values based on nominal values for the waveguide dimensions for benchmarking 

measured values when these types of device are used at these high millimetre-wave 



frequencies.  This is likely due to dimensional differences between a manufactured cross-guide 

and a cross-guide modelled using nominal dimensions. 

In summary, the investigation has shown that cross-guides are suitable for use as transfer standards 

and verification devices for transmission at high millimetre-wave frequencies.  This property 

demonstrates that cross-guides will be useful for validating the performance of any VNA operating at 

these frequencies and that cross-guides could be used as transfer standards in formal measurement 

comparison exercises, as organised by regional and international metrology organisations (e.g. BIPM, 

EURAMET, APMP, etc).  

ACKNOWLEDGEMENT 

This work was funded through the European Metrology Research Programme (EMRP) Project SIB62 

͚MĞƚƌŽůŽŐǇ ĨŽƌ NĞǁ EůĞĐƚƌŝĐĂů MĞĂƐƵƌĞŵĞŶƚ QƵĂŶƚŝƚŝĞƐ ŝŶ HŝŐŚ-ĨƌĞƋƵĞŶĐǇ CŝƌĐƵŝƚƐ͛͘ TŚĞ EM‘P ŝƐ 

jointly funded by the EMRP participating countries within EURAMET and the European Union. 

 

REFERENCES 

[1] P ‘ƵƐƐĞƌ͕ ͞“ŝ ĂŶĚ “ŝGĞ MŝůůŝŵĞƚĞƌ-WĂǀĞ IŶƚĞŐƌĂƚĞĚ CŝƌĐƵŝƚƐ͕͟ IEEE TƌĂŶƐ ŽŶ MŝĐƌŽǁĂǀĞ 

Theory and Techniques, Vol 46, No 5, pp 590-603, May 1998. 

[2] ) Pŝ ĂŶĚ F KŚĂ͕ ͞AŶ IŶƚƌŽĚƵĐƚŝŽŶ ƚŽ MŝůůŝŵĞƚĞƌ-WĂǀĞ MŽďŝůĞ BƌŽĂĚďĂŶĚ “ǇƐƚĞŵƐ͕͟ IEEE 

Communications Magazine, Vol 48, No 6, pp 101-107, June 2011 

[3] R Appleby, "Passive millimetre-wave imaging and how it differs from terahertz imaging", 

Philosophical Transactions of the Royal Society. A: Mathematical, Physical and Engineering 

Sciences, Vol 362, No 1815, pp 379ʹ393, 15 February 2004.   

[4] IEEE Std 1785.1-ϮϬϭϮ͕ ͞IEEE “ƚĂŶĚĂƌĚ ĨŽƌ ‘ĞĐƚĂŶŐƵůĂƌ MĞƚĂůůŝĐ WĂǀĞŐƵŝĚĞƐ ĂŶĚ TŚĞŝƌ 

Interfaces for Frequencies of 110 GHz and AboveͶPart 1: Frequency Bands and Waveguide 

DŝŵĞŶƐŝŽŶƐ͕͟ MĂƌĐŚ ϮϬϭϯ͘ 

[5] MIL-DTL-ϴϱͬϯC͕ ͞WĂǀĞŐƵŝĚĞƐ͕ ‘ŝŐŝĚ͕ ‘ĞĐƚĂŶŐƵůĂƌ ;MŝůůŝŵĞƚĞƌ WĂǀĞůĞŶŐƚŚͿ͕͟ OĐƚŽďĞƌ ϮϬϬϱ͘ 

[6] IEC 60153-Ϯ͕ ͞HŽůůŽǁ ŵĞƚĂůůŝĐ ǁĂǀĞŐƵŝĚĞƐ͘  PĂƌƚ Ϯ͗ ƌĞůĞǀĂŶƚ ƐƉĞĐŝĨŝĐĂƚŝŽŶƐ ĨŽƌ ŽƌĚŝŶĂƌǇ 

ƌĞĐƚĂŶŐƵůĂƌ ǁĂǀĞŐƵŝĚĞƐ͟ ϮŶĚ ĞĚŝƚŝŽŶ͕ ϭϵϳϰ͘ 

[7] OML ;OůĞƐŽŶ MŝĐƌŽǁĂǀĞ LĂďƐͿ͕ ͞Frequency extension source modules to extend signal 

capability from 50 to ϯϮϱ GHǌ͕͟ Microwave Journal, Vol 47, No. 3, pp.124-134, Mar 2004. 



[8] T W CƌŽǁĞ͕ B FŽůĞǇ͕ “ DƵƌĂŶƚ͕ K HƵŝ͕ Y DƵĂŶ͕ J L HĞƐůĞƌ͕ ͞VNA ĨƌĞƋƵĞŶĐǇ ĞǆƚĞŶĚĞƌƐ ƚŽ 

1.1 THǌ͕͟ PƌŽĐ͘ ϯϲth Conf on Infrared, Millimeter and Terahertz Waves (IRMMW-THz), p 1, 

2011. 

[9] N M ‘ŝĚůĞƌ ĂŶĚ M J “ĂůƚĞƌ͕ ͞CƌŽƐƐ-connected Waveguide Lines as Standards for Millimeter- 

and Submillimeter-wave Vector Network Analyzers͕͟ PƌŽĐ͘ ϴϭst ARFTG Microwave 

Measurement Conference, Seattle, WA, USA, June 2013. 

[10] T “ĐŚƌĂĚĞƌ͕ K KƵŚůŵĂŶŶ͕ ‘ DŝĐŬŚŽĨĨ͕ J DŝƚƚŵĞƌ ĂŶĚ M HŝĞďĞů͕ ͞VĞƌŝĨŝĐĂƚŝŽŶ ŽĨ ƐĐĂƚƚĞƌŝŶŐ 

parameter measurements in waveguides up to 325 GHz including highly-ƌĞĨůĞĐƚŝǀĞ ĚĞǀŝĐĞƐ͕͟ 

Adv. Radio Sci., Vol 9, pp 9-17, 2011. 

[11] MIL-DTL-3922/67E with Amendment 1, ͞DĞƚĂŝůĞĚ “ƉĞĐŝĨŝĐĂƚŝŽŶ “ŚĞĞƚ ʹ Flanges, Waveguide 

(Contact) (Round, 4-ŚŽůĞͿ ;MŝůůŝŵĞƚĞƌͿ͕͟ MĂǇ ϮϬϭϰ͘ 

[12] C OůĞƐŽŶ ĂŶĚ A DĞŶŶŝŶŐ͕ ͞MŝůůŝŵĞƚĞƌ WĂǀĞ VĞĐƚŽƌ AŶĂůǇƐŝƐ CĂůŝďƌĂƚŝŽŶ ĂŶĚ MĞĂƐƵƌĞŵĞŶƚ 

Problems Caused by Common WĂǀĞŐƵŝĚĞ IƌƌĞŐƵůĂƌŝƚŝĞƐ͕͟ PƌŽĐ ϱϲth ARFTG Microwave 

Measurement Conf., Boulder, CO, USA, Dec 2000. 

[13] G F EŶŐĞŶ ĂŶĚ C A HŽĞƌ͕ ͞TŚƌƵ-Reflect-Line: An improved technique for calibrating the dual 

six-ƉŽƌƚ ĂƵƚŽŵĂƚŝĐ ŶĞƚǁŽƌŬ ĂŶĂůǇƐĞƌ͕͟ IEEE TƌĂŶƐ Microwave Theory and Techniques, Vol 27, 

No 12, pp 987-993, December 1979. 

[14] J Stenarson and K Yhland, "A Reformulation and Stability Study of TRL and LRM Using -

Parameters," IEEE Trans Microwave Theory and Techniques, Vol 57, No 11, pp 2800-2807, 

November 2009. 

[15] C A HŽĞƌ ĂŶĚ G F EŶŐĞŶ͕ ͞OŶ-line accuracy assessment for the dual six-port ANA: extension 

ƚŽ ŶŽŶŵĂƚŝŶŐ ĐŽŶŶĞĐƚŽƌƐ͟, IEEE Trans Instrumentation and Measurement, Vol 36, No 2, pp 

524ʹ529, June 1987. 

[16] H HƵĂŶŐ͕ N M ‘ŝĚůĞƌ ĂŶĚ M J “ĂůƚĞƌ͕ ͞UƐŝŶŐ EůĞĐƚƌŽŵĂŐŶĞƚŝĐ MŽĚĞůŝŶŐ ƚŽ EǀĂůƵĂƚĞ 

Uncertainty in a Millimeter-wave Cross-ŐƵŝĚĞ VĞƌŝĨŝĐĂƚŝŽŶ “ƚĂŶĚĂƌĚ͕͟ Proc. 83rd ARFTG 

Microwave Measurement Conference, pp 93-97, Tampa, FL, USA, June 2014. 

[17] H Huang, N M RŝĚůĞƌ ĂŶĚ M J “ĂůƚĞƌ͕ ͞CŽŶŶĞĐƚŝŽŶ ‘ĞƉĞĂƚĂďŝůŝƚǇ ŽĨ CƌŽƐƐ-connected 

Waveguide Verification Standards for Millimeter wave Vector Network Analysis͕͟ PƌŽĐ͘ ϮϬϭϰ 

Asia-Pacific Microwave Conference, pp 907-909, Sendai, Japan, November 2014. 

[18] CST Microwave Studio, 3D electromagnetic simulation software, www.cst.com.  

http://www.cst.com/


[19] ͞EǀĂůƵĂƚŝŽŶ ŽĨ ŵĞĂƐƵƌĞŵĞŶƚ ĚĂƚĂͶGuide to the expression of uncertainty in 

ŵĞĂƐƵƌĞŵĞŶƚ͕͟ ϭst ed., JCGM 100:2008, International Bureau of Weights and Measures 

(BIPM), 2008 [Online]. Available: www.bipm.org. 

[20] ͞IŶƚĞƌŶĂƚŝŽŶĂů VŽĐĂďƵůĂƌǇ ŽĨ MĞƚƌŽůŽŐǇ ʹ Basic and general concepts and associated terms 

;VIMͿ͟ ϯrd ed., JCGM 200:2012, International Bureau of Weights and Measures (BIPM), 2012 

[Online]. Available: www.bipm.org.  

[21] M G Cox, ͞TŚĞ ĞǀĂůƵĂƚŝŽŶ ŽĨ ŬĞǇ ĐŽŵƉĂƌŝƐŽŶ ĚĂƚĂ͕͟ Metrologia, Vol 39, pp 589-595, 2002. 

[22] N M Ridleƌ͕ ‘ G CůĂƌŬĞ͕ M J “ĂůƚĞƌ͕ ĂŶĚ A WŝůƐŽŶ͕ ͞TƌĂĐĞĂďŝůŝƚǇ ƚŽ NĂƚŝŽŶĂů “ƚĂŶĚĂƌĚƐ ĨŽƌ 

S-ƉĂƌĂŵĞƚĞƌ MĞĂƐƵƌĞŵĞŶƚƐ ŝŶ WĂǀĞŐƵŝĚĞ Ăƚ FƌĞƋƵĞŶĐŝĞƐ ĨƌŽŵ ϭϰϬ GHǌ ƚŽ ϮϮϬ GHǌ͕͟ Proc. 

76th ARFTG Microwave Measurement Conference, pp 8-14, Clearwater Beach, FL, USA, 

December 2010. 

http://www.bipm.org/
http://www.bipm.org/

