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Abstract This paper describes an investigation into the 
connection repeatability of cross-connected waveguides (also 
known as ‘cross-guides’).  Cross-guides can be used as calculable 
verification standards of attenuation for millimeter-wave vector 
network analyzers.  The investigation has been undertaken in the 
WR-05 waveguide size over the recommended operational 
frequency range of 140 GHz to 220 GHz. Two different lengths of 
cross-guide have been investigated - 0.62 mm and 1.36 mm - 
which provide values of attenuation of approximately 20 dB and 
40 dB, respectively, around the middle frequency of the 
waveguide band. The repeatability of the measured transmission 
coefficient is assessed using statistical techniques.  This 
repeatability assessment provides preliminary information 
concerning an overall estimate of the uncertainty of 
measurement for these cross-guide verification standards
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millimeter-wave measurements.
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Measurements were made on the two cross-guide 
verification standards using NPL’s Primary Impedance 
Measurement System (PIMMS) [7]. 

Throughout the 
investigation, the VNA’s IF bandwidth was set to a low value 
(i.e. 30 Hz) to minimize the variability in the measurements 
due to electrical noise in the VNA. The VNA test ports were 



established as reference planes by performing a ‘Thru-Reflect-
Line’ (TRL) calibration using: two “ -wave” lines (as the 
Line standard) [8]; a flush short-circuit (as the Reflect 
standard); and, the test ports joined together (as the Thru 
standard). The measured values of transmission coefficient (in 
dB) for the two cross-guides are shown in Fig.2. 

 STATISTICAL 

The analysis uses calculations of the experimental standard 
deviation as the measure of variability in the observed values 
due to connection repeatability.     

 Let T be the complex-valued linear transmission 
coefficient written in terms of its real, T , and imaginary T , 

components, respectively. The arithmetic mean, , of T is 
given by: 

 

  (1) 

 
where n is the number of repeat measurements (in this case, 

n = 12) of Ti (i = 1 to n) ,  and j2 = −1. 
 Following the methods given in [9], the experimental 

standard deviation, s(|T|), is calculated using: 
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We use the Law of Propagation of Uncertainty [10] to 

convert the experimental standard deviation in the linear 
transmission coefficient, , into the equivalent 
experimental standard deviation in the logarithmic 
transmission coefficient (in dB), s( :    
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The function relating TdB to T is given by: 
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and so  
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Substituting equation (5) into equation (3) gives: 
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For each cross-guide at each frequency, values of  

are calculated using all 12 repeated measurements.  The 
of  

of , 

T



 

 

This paper has described an investigation into the 
connection repeatability of two cross-guide verification 
standards of attenuation in the WR-05 waveguide size, at 
frequencies from 140 GHz to 220 GHz.  This repeatability 
data, along with other supporting information (e.g. as given in 
[11]), can be used subsequently as a contribution to an 
estimate of the overall uncertainty of measurement for these 
cross-guide verification standards.  This will enable these 
devices to be used to fully verify end-user VNA systems 
operating at these frequencies.  
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Frequency 

(GHz)  
Attenuation 

(dB) 
Standard deviations 

(dB) 
0.62 mm length cross-guide  

140 27.080 0.145 
160 22.589 0.135 
180 18.622 0.154 
200 14.920 0.180 
220 11.343 0.172 

1.36 mm length cross-guide 
140 50.340 0.131 
160 43.998 0.088 
180 36.782 0.063 
200 29.197 0.107 
220 19.780 0.098 


