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This paper presents a measurement comparison of WM-864 (WR-03) precision waveguide lines for use as reference 

standards in the Thru-Reflect-Line (TRL) calibration method for VNAs at millimeter and sub-millimeter wave 

frequencies (in this case, from 220 GHz to 330 GHz).  The measurement is established using three-dimensional Coordinate 

Measuring Machines (CMMs) fitted with styluses that contain small-sized tips.  The paper includes a comparison of these 

dimensional measurements, made independently at the national metrology institutes (NMIs) of Japan and the United 

Kingdom. Characteristics (e.g. reflection characteristics and scattering parameters at the waveguide interface) of these 

waveguide lines in the frequency-domain are also calculated and compared between these two NMIs.    
 

Index Terms—Comparison of measurement, TRL line standards, Rectangular waveguide, WM-864, Dimensional 

measurements, scattering parameter 
 

 

I. INTRODUCTION 
 

Thru-Reflect-Line (TRL) calibration is often performed 

in waveguide Vector Network Analyzers (VNAs) at 

millimeter and sub-millimeter wave frequencies. Precision 

1/4λ TRL waveguide lines (often referred to as ‘shims’) are 

very useful as the standards, for scattering parameter 

(S-parameter) measurement at these frequencies [1]–[3]. 

Precise dimensional measurements of the waveguide 

apertures are required to quantify the quality of the TRL 

calibration of the VNA.  

At the levels of accuracy required by calibration 

laboratories, it is important to consider the departure in the 

waveguide aperture dimensions from their ideal values [4]. 

This usually involves establishing estimates for the input 

quantities to the models for the characteristics of the 

discontinuities at the interface between the TRL line and the 

VNA reference plane. This involves determining the aperture 

dimensions of the waveguide lines. The determination of 

these dimensional properties (i.e. the width, a, and height, b, 

[1, 2], etc.) of the aperture of the waveguide lines is made 

using mechanical measurement techniques, e.g. three 

dimensional coordinate measuring machine (3DCMM) 

techniques.  

Some national metrology institutes (NMIs) have 

developed dimensional metrology capabilities using 3DCMM 

techniques specifically for measuring waveguide apertures 

and the alignment holes on the flange interface [1, 2]. 

However, to date, to the authors’ knowledge, there has been 

no comparison of measurement of waveguide dimensions 

made by NMIs for this type of measurement that has been 

reported in the literature. (Comparisons of dimensional 

measurements for coaxial dielectric air lines have been 

established and reported elsewhere [5, 6].) This is the 

motivation for the work presented here – to undertake and 

report on a comparison of dimensional measurements of 

waveguides made at two NMIs: the National Metrology 

Institute of Japan (NMIJ) and the UK’s National Physical 

Laboratory (NPL). This comparison involved measurements 

of the dimensions of three precision 1/4λ TRL waveguide 

lines in the WM-864 [7] (WR-03) waveguide size (Fig. 1) – 

specifically: the dimensions of the waveguide aperture; the 

diameters of the inner dowel holes; and, the difference 

between an aperture ‘center’ defined by the walls of the 

aperture and an aperture ‘center’ defined by the position of 

the inner dowel holes. Measurements of a, b and dowel holes’ 

diameters of three waveguide lines were made independently 

at NMIJ and NPL. Average values and uncertainties for a, b 

and dowel holes’ diameters were then calculated and 

compared to each other. From these measured values, a 

mechanically-derived reflection value at the flange interface 

was determined and also compared. At the same time, 

dimensionally-derived S-parameters, with uncertainties, of 

these waveguide lines were also analyzed and compared 

between both NMIs. Thus, the comparison gives an indication 

of the reliability of such measurements at both NMIs. 

 

II. TRAVELING STANDARDS 

This comparison was carried out using three precision 

waveguide lines as shown in Fig. 1. The identification of each 

waveguide line is described in Table I. The lines were of the 

same physical type, as described below: 

- Rectangular waveguide TRL lines; 

- WM-864 (WR-03)Waveguide size, with nominal 

aperture dimensions: a = 0.864 mm; b = 0.432 mm [7]; 

- Fitted with modified Oshima flange, compatible with the 

precision UG-387 flange [8]. 



 

  

- Nominal line lengths, L = 0.365 mm, 1.000 mm and 

1.291 mm [9]. 

 

III. MECHANICAL MEASUREMENT SYSTEMS 

NPL measured the dimensions (a, b and holes’ 

diameters, etc.) along the length (thickness) of each 

waveguide line using a 3DCMM (Zeiss F25) fitted with a 

125 µm diameter ball-tip micro-stylus.  The measurements 

were made under standard conditions (i.e. 20 ºC) for a 

dimensional calibration laboratory [1]. The lines are measured 

individually, and are positioned on the 3DCMM with the 

aperture axis aligned vertically. 

During measurement a local coordinate system is set up on 

the line, with the origin being set as the point midway between 

the centers of the two inner dowel holes.  The line joining the 

two dowel hole centers forms the y-axis, with the x-axis set at 

right angles to the y-axis.  The point z = 0 is defined as the top 

surface of the waveguide line (see Fig. 2). The width and height 

dimensions of the aperture are measured at a series of 

approximately equally-spaced locations across the aperture. The 

width dimension is measured at 3 locations while the height 

dimension is measured at 5 locations. This 2D grid of 

measurements is repeated at 3 or 4 different depths inside the 

aperture. Each measurement run therefore produces the following 

dimensional measurements: 9 or 12 width values; and, 15 or 20 

height values. The two inner dowel holes’ diameters and 

locations, and the aperture center location with respect to the 

origin of the coordinate system are also reported. Measurements 

are temperature corrected using a value of 16.6 × 10
-6

 K
-1

 for the 

coefficient of linear thermal expansion of copper. 

The uncertainty for the measurements made by NPL 

were calculated following the guidance given by ISO 

document Guide to the expression of uncertainty in 

measurement and were evaluated to be 0.25 µm (k = 2) for 

individual reported dimensions of a, b, dowel hole diameter 

and aperture center offset, and 0.28 µm (k = 2) for dowel hole 

center separation.   

 
Fig. 3. Measurement results made by NMIJ and NPL for aperture height, b. 

The large circular dots indicate the measurement results made by NPL.  

The very small dots indicate NMIJ’s measurement results. 

 

 
Fig. 4. Comparison of results of aperture height dimension, b, 

measurements made at NMIJ and NPL for three lines (i.e. L = 0.356 mm, 

1.000 mm and 1.291 mm). 

 

TABLE I 

DESCRIPTIONS OF THE PRECISION WAVEGUIDE LINES 

Nominal 

length, L 
Band Nominal size Manufacturer Note 

0.365 mm 

WM-864 
a = 0.864 mm 

b = 0.432 mm 

Oshima 

Prototype 

Manufacturing 

Modified 

Oshima 

flange [8] 

1.000 mm 

1.291 mm 

 

 
Fig. 1. Photograph of traveling standards – WM-864 (WR-03) precision 

waveguide lines (L = 0.365 mm, 1.000 mm, and 1.291 mm).  

 

 
Fig. 2. Definition of the measurement axes for the 3DCMM.  

 



 

  

NMIJ measured dimensions (a, b and holes’ diameters, 

etc.) along the length (thickness) of each waveguide line 

using a 3DCMM (Mitutoyo LEGEX 322) fitted with a 

300 µm diameter ball-tip micro-stylus.  The measurements 

were made under standard conditions (i.e. 23 ºC) for an 

electrical calibration laboratory [2]. For these measurements, 

a local coordinate system was established using the same 

defined origin as used by NPL. The width dimension was 

measured at 25 locations and the height dimension was 

measured at 50 locations. This 2-dimensional grid of 

measurements was repeated at 64 different depths inside the 

aperture. Each measurement run therefore produced 4800 

dimensional measurements; 1600 width values and 3200 

height values.  In addition the positions of and distance 

between the aperture alignment dowel holes were measured at 

64 different depths inside the holes. 

The systematic uncertainty (k = 2) of the NMIJ 

measurements was approximately 0.93 µm. The uncertainty 

of the reproducibility was evaluated to be 0.46 µm (k = 2) for 

the height dimension and 0.38 µm (k = 2) for the width 

dimension.  

In both NMIs, establishing traceability to SI and 

determining the measurement uncertainty of the reported 

dimensions is achieved using calibrated length standards 

[1, 2]. For example, in the case of the aperture dimension, a 

stack of three reference gauge blocks is wrung together in 

such a way so as to create a small channel with the same 

dimension (either height or width) as the nominal dimensions 

of the waveguide aperture. The width of the channel is 

measured at a series of locations and the mean dimension 

recorded. In the case of NMIJ, gauge block reference values 

were temperature corrected from 20 °C to 23 °C using the 

linear expansion coefficient of steel. 

Dimensional variation of the aperture individual width 

and height values, and variation along the lines’ thickness are 

added to the overall expanded measurement uncertainty. The 

dominant sources of uncertainty in the dimensional 

measurements at both NMIs were the uniformity of the 

aperture dimensions and, in the case on NMIJ, the systematic 

uncertainty of the 3DCMM system [2].  

 

 

IV. COMPARISON OF DIMENSIONAL MEASUREMENT RESULTS 

A. Height Dimensions of Waveguide Apertures 

Fig. 3 shows the measurement results of aperture height, 

b, obtained by NMIJ and NPL. According to the NPL 

measurement results, the height dimension values are slightly 

smaller near to the side wall edges. Fig. 4 shows the averaged 

values of b obtained by NMIJ and NPL along with error bars 

representing the expanded uncertainties. The uncertainties of 

the 3DCMM systems in the individual values of b were 

0.94 µm at NMIJ, and, 0.25 µm at NPL. The expanded 

uncertainty for averaged values of b contains a contribution 

due to the lack of uniformity of the aperture size in both the 

depth and width directions. For these three waveguide lines, 

the averaged values were almost the same, i.e. approximately 

 
Fig. 5. Measurement results made by NMIJ and NPL for aperture width, a. 

The large circular dots indicate the measurement results made by NPL.  

The very small dots indicate NMIJ’s measurement results. 

 
Fig. 6. Comparisons of results of aperture width dimension, a, 

measurements made at NMIJ and NPL for  three lines (i.e. L = 0.356 mm, 

1.000 mm and 1.291 mm). 

 
Fig. 7. Comparisons of results of one of the inner dowel hole dimension, 

d1, measurements made at NMIJ and NPL for the three lines 

(i.e. L = 0.356 mm, 1.000 mm and 1.291 mm). 

 



 

  

0.424 mm. The comparison results indicate equivalency of 

measurement results obtained by both NMIs.  This provides 

increased assurance concerning the capabilities of both NMIs 

for this type of measurement. However, the expanded 

uncertainty of b obtained at NMIJ was larger than that 

obtained at NPL. This was because the uncertainty of NMIJ’s 

3DCMM is larger than NPL’s. Thus, the main contribution to 

the total uncertainty in the averaged values of b was the 

systematic uncertainty of the 3DCMM at NMIJ. 

 

B. Width Dimensions of Waveguide Apertures 

Fig. 5 shows the measurement results of aperture width, 

a, obtained by NMIJ and NPL. According to both NMIJ and 

NPL measurement results, width dimension values are 

slightly small near to the side wall edges. Fig. 6 shows the 

averaged values of a obtained by NMIJ and NPL along with 

error bars representing the expanded uncertainties. The 

expanded uncertainty for the averaged values of a contain a 

contribution due to the lack of uniformity of the aperture size 

in the depth and height directions. For these three waveguide 

lines, the averaged values were approximately 0.858 mm 

obtained by NMIJ and approximately 0.856 mm obtained at 

NPL. The dimensional difference of a between NMIJ and 

NPL was approximately 2.0 µm. The difference values were 

larger than those needed to demonstrate equivalence between 

both NMIs, i.e. En > 1 as listed in Table II. This difference 

was caused by a systematic offset in the 3DCMM, and, 

perhaps, the fact that the measurements were made a different 

width locations and that a different number of measurements 

were used (by each NMI).  

 

C. Inner Dowel Holes’ Diameters 

Fig. 7 shows the averaged measured values of one of the 

inner dowel hole diameters, DP1, obtained by NMIJ and NPL 

along with error bars representing the expanded uncertainties. 

According to NMIJ’s measurement results, the precision 

alignment dowel holes on the waveguide line were measured 

as cylindrical features by their diameter, cylindricity and 

perpendicularity to the line surface. The measurements at 

NMIJ of dowel holes were made at 64 different depths inside 

each hole. At both surfaces of the shim (i.e. at a depth of 

0 mm and 0.365 mm), the diameters of the holes were larger 

compared to the diameters at the middle depth. 

The expanded uncertainty for averaged values of dowel 

holes’ diameters contained contributions due to the 

cylindricity and diameter uniformity of the dowel hole in the 

depth direction. For the three waveguide lines, the averaged 

values were almost the same, i.e. approximately 1.587 mm at 

NMIJ and approximately 1.585 mm at NPL. The comparison 

results indicate equivalency of measurement results obtained 

by both NMIs (see Table II).  This provides increased 

assurance concerning the capability of both NMIs for this 

type of measurement. However, the expanded uncertainty of 

PDP1 obtained at NMIJ was larger than that obtained by NPL. 

This was due to the systematic uncertainty in NMIJ’s 

3DCMM, along with the use of different measurement depths 

and different numbers of measurement points. 

 

D. Distance between Two Inner Dowel pin holes 

The distance between centers of the inner dowel holes 

was also calculated using 3DCMM measurement results for 

these waveguide lines. Fig. 8 shows the averaged values of 

this distance, obtained by NMIJ and NPL, along with error 

 Fig. 8. Comparison of results of the measured distance between the dowel 

holes, made by NMIJ and NPL, for the three lines (i.e. L = 0.356 mm, 

1.000 mm and 1.291 mm). 

 

 
Fig. 9. Results showing the difference between an aperture ‘center’ 

defined by the walls of the aperture and an aperture ‘center’ defined by the 

position of the inner dowel holes (X, Y) measurements made at NMIJ and  

NPL for line of length 0.365 mm. 

 

TABLE II: DEGREES OF EQUIVALENCE (L = 0.365 mm) 

 



 

  

bars representing the expanded uncertainties. The distance 

between the centers of the two holes was approximately 

6.603 µm, as measured by NMIJ and NPL.  The uncertainties 

of the 3DCMM systems for these averaged distance values 

were approximately 2.0 µm at NMIJ, due to circularity and 

non-uniformity of the holes’ diameters. The comparison 

results indicate good agreement between the two NMIs.  

 

E. Difference of Aperture Centers 

Fig. 9 shows a 2D plot of the difference between two 

defined aperture center locations, made by NMIJ and NPL, 

along with error bars representing the expanded uncertainties.  

One of the center locations was defined with respect to the 

walls of the aperture while the other center was defined with 

respect to the position of the two inner dowel holes. The main 

contribution to the expanded uncertainty in the NMIJ 

measurement was the non-uniformity of two holes’ center 

locations in the depth direction, and, the systematic offset in 

the 3DCMM measurements especially in the aperture width 

direction. The comparison results show good agreement 

between the measurement results obtained by both NMIs.  

 

V. COMPARISON OF CHARACTERISTICS OF LINES 

A. Reflection Characteristics at Waveguide Interfaces 

Waveguide lines are used as primary reference standards 

for VNA calibration at millimeter-wave and submillimeter-

wave frequencies.  It is therefore very important to be able to 

evaluate the uncertainty in the characteristics of these lines.  

Traditionally, the characterization of these lines has been 

somewhat limited involving primarily mechanical 

measurements of the dimensions of the aperture of the lines. 

These aperture dimension values are then used to determine a 

value for the reflection coefficient (or return loss) at the 

waveguide mated interface. Reflection coefficient values for 

an interface mated to another waveguide having nominal 

(i.e. perfect) dimensions are given by [4]: 
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where: 

a = width dimension of aperture 

b = height dimension of aperture 

δa = dimensional difference of aperture width compared to 

nominal aperture width 

δb = dimensional difference of aperture height compared to 

nominal aperture height 

λg = waveguide wavelength  

λ = free space wavelength 

 

However, this type of mechanical characterization does 

not evaluate other effects that can contribute to the overall 

misalignment between the test port flange and the waveguide 

lines. Of the above misalignment effects, the dominant effect 

at millimeter-wave and submillimeter-wave frequencies is 

usually due to reflections caused by the tolerance of the 

dowels and dowel holes on the flange. This type of 

 
Fig. 10. Comparisons of calculated reflection coefficient due to the 

observed dimensional differences of aperture width, compared to nominal, 

measured by NMIJ and NPL for the waveguide line of length 0.356 mm. 

Solid and broken lines indicate reflection characteristics and the associated 

uncertainty, respectively. (+) and (-) indicate the upper and lower 

uncertainty limits for each NMI, respectively. 

 
Fig. 11. Comparisons of calculated reflection coefficient due to the 

observed dimensional differences of aperture height, compared to nominal, 

measured by NMIJ and NPL for the waveguide line of length 0.356 mm. 

Solid and broken lines indicate reflection characteristics and the associated 

uncertainty, respectively. (+) and (-) indicate the upper and lower 

uncertainty limits for each NMI, respectively. 



 

  

misalignment causes reflection coefficient values due to 

H- and E-plane displacements [4]: 
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where:  δam = H-plane displacement 

  δbm = E-plane displacement 

 

Figs. 10 and 11 show the calculated results of the 

reflection characteristics at the interface when a waveguide 

line connects to a waveguide test port with nominal 

dimensions [7]. In this case, the reflection characteristics are 

due to the dimensional differences in the line’s aperture size, 

i.e. differences in the width and height, compared to the 

nominal size.  

Fig. 10 shows the calculated reflection characteristics, 

based on both NMIs’ results, for the observed aperture width 

difference compared to nominal. The expanded uncertainty in 

the reflection characteristics comes from the uncertainty of 

the averaged width values. The difference in the reflection 

characteristics is greater than that needed to demonstrate 

complete equivalence between the values determined by both 

NMIs, i.e. exhibiting a normalized error, En = 1.11.  

Fig. 11 shows the calculated reflection characteristics 

(with expanded uncertainties), based on both NMIs’ results, 

for the observed aperture height difference compared to 

nominal.  On this occasion, the calculated reflection values, 

due to the observed difference from nominal in the waveguide 

height, were approximately 0.005 for both NMIs.  The 

comparison results demonstrate equivalence between the 

reflection analysis results obtained by both NMIs, i.e. 

exhibiting a normalized error, En = 0.19.  

Fig. 12 shows the calculated reflection characteristics 

caused by the H-plane displacement at the waveguide 

interface. The expanded uncertainty in the reflection 

characteristics comes from the uncertainty in the center 

displacement in the x-direction as defined in Fig. 2. The 

calculated reflection characteristics obtained from NMIJ’s 

dimensional results were 20 times greater than those obtained 

from NPL’s results.  However, the difference is very small 

when compared to the degree of equivalence between the 

reflection analysis results obtained by both NMIs.  Fig. 13 

shows the calculated reflection characteristics caused by the 

E-plane displacement at the waveguide interface. The 

expanded uncertainty in the reflection characteristics comes 

from the uncertainty in the center displacement in the 

y-direction as defined in Fig. 2. The calculated reflection 

characteristics obtained from both NMIs’ dimensional results 

are almost the same value. The calculated reflection values of 

both NMIs, for both the E- and H-plane displacements, 

indicate good agreement. 

 

B. Dimensionally-derived Scattering Parameters 

S-parameters, with associated uncertainty, were 

estimated from the dimensional measurements of the width 

and height of the waveguide lines (when connected to 

waveguide with nominal dimensions). The S-parameters were 

derived from a series expansion of the field eigen-modes [2] 

by a Monte Carlo simulation involving 100,000 trials. S11 

values, with associated uncertainty, for the waveguide line 

with line length of 0.336 mm were calculated by using the 

dimensional measurement results of the waveguide aperture 

size obtained by both NMIs. A 2D plot of the results is shown 

 
Fig. 12. Comparisons of analysis results of the worst-case reflection 

coefficient defined by H-plane misalignment (misalignment in the aperture 

width direction) measured by NMIJ and NPL for waveguide line with line 

length of 0.356 mm. Solid and broken lines indicate reflection 

characteristics and its uncertainty limit. 

 
Fig. 13. Comparisons of analysis results of the worst-case reflection 

coefficient defined by E-plane misalignment (misalignment in the aperture 

height direction) measured by NMIJ and NPL for waveguide line with line 

length of 0.356 mm. Solid and broken lines indicate reflection 

characteristics and its uncertainty limit. 

 

 
Fig. 12. Comparisons of calculated worst-case reflection coefficient due to 

H-plane misalignment (i.e. misalignment in the aperture width direction), 

measured by NMIJ and NPL, for the waveguide line of length 0.356 mm. 

Solid and broken lines indicate reflection characteristics and the associated 

uncertainty, respectively. (+) and (-) indicate the upper and lower 

uncertainty limits for each NMI, respectively. 

 
Fig. 13. Comparisons of calculated worst-case reflection coefficient due to 

E-plane misalignment (i.e. misalignment in the aperture height direction), 

measured by NMIJ and NPL, for the waveguide line of length 0.356 mm. 

Solid and broken lines indicate reflection characteristics and the associated 

uncertainty, respectively. (+) and (-) indicate the upper and lower 

uncertainty limits for each NMI, respectively. 

 



 

  

in Fig. 14. The blue dots indicate the results obtained from 

using the dimensional measurements made by NMIJ; the red 

dots indicate the results obtained from the dimensional 

measurements made by NPL.  The average value, S11avg, was 

determined using 

 

( )
avgavgNMIJNPLavg jyxSSS +=+= _11_1111
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and the associated uncertainty matrix was determined using 
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The correlation coefficient for the average value is derived 

using 
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where, 

 

xavg(S11): average value of real component of S11 

u(xavg(S11)): combined uncertainty of xavg(S11) 

yavg(S11): average value of imaginary component of S11 

u(yavg(S11)): combined uncertainty of yavg(S11) 
 

To confirm the degrees of equivalence, the following 

equations are used;  
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where k is a suitable coverage factor chosen to give a 

level of confidence of 95 %. For two-dimensional data 

k ≈ 2.45 if the degrees of freedom are sufficiently high [10]. 

If dqi – qi is a negative value, the data is considered 

inconsistent. Conversely, if dqi – qi is a positive value, then 

the data is considered consistent. Fig. 15 shows that the 

values of dqi – qi for the comparison results obtained by NMIJ 

and NPL are all positive.  This indicates very good agreement 

between both NMIs for the dimensional measurements used 

in the calculated S-parameter analysis.  

 

VIII. CONCLUSION 

 

This paper has shown that results obtained by NMIJ and 

NPL for the mechanical determinations of three precision 

waveguide lines as measurement standards were generally 

equivalent to within the expected uncertainties for these 

measurements, except for the measurement of aperture width. 

This comparison also indicated that a calculation of the 

reflection characteristics at the waveguide interface, made by 

NMIJ and NPL, agreed to within 0.005 [lin.] for a waveguide 

line with 0.365 mm thickness.  Furthermore, S-parameters, 

with uncertainties, were estimated using a Monte Carlo 

technique based on the dimensional measurement results 

obtained by both NMIs. With regard to establishing the 

degree of equivalence for the dimensionally-derived 

S-parameters, qi, this was found to be less than dqi for the 

waveguide line’s S-parameters, thus validating these 

dimensional calibration and measurement capabilities 

(CMCs). 

Finally, it is worth noting that, to the best of the authors’ 

knowledge, this is the first time that a comparison of this type 

of measurement for rectangular waveguide has been 

undertaken, certainly by NMIs. It is therefore very 

encouraging that the comparison yielded such good 

agreement. This level of agreement provides very valuable 

 

   
Fig. 14. Monte Carlo simulation results of S11 calculated from the aperture 

dimensional measurements for the waveguide line of length 0.365 mm. 

The calculations are made at frequencies from 220 GHz to 330 GHz.  

 

 
Fig. 15. Demonstrated equivalence between the calculated S11 results by  

NMIJ and NPL. 



 

  

underpinning measurement quality assurance for these types 

of measurands, which are fundamental to establishing 

traceability to SI for a wide range on measurements made at 

millimeter and sub-millimeter wave frequencies. 
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