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Abstract—This paper describes a new facility that 

has been introduced recently to provide high 

precision traceable scattering parameter 

measurements of waveguide devices in the 

frequency range 140 GHz to 220 GHz (i.e. in 

waveguide size WR-05). The facility comprises 

measurement instrumentation situated at the 

University of Leeds and associated primary 

reference standards provided by the National 

Physical Laboratory. The instrumentation consists 

of a Vector Network Analyzer (VNA) and the 

standards are precision sections of waveguide that 

are used to calibrate the VNA. Traceability to 

national standards and the International System of 

units (SI) is achieved via precision dimensional 

measurements of the waveguide sections. Typical 

measurements, with uncertainties, are given to 

illustrate the current state-of-the-art for traceable 

measurements of this type. 

 

 

Index Terms—Vector network analysis, calibration 

and measurement, waveguides, millimeter-waves, 

traceability to national standards. 

 

I. INTRODUCTION 

 

In recent years, there has been a significant 

growth in interest in the use of frequencies in the 

higher millimeter-wave and lower submillimeter-

wave regions (i.e. from 110 GHz to 1 THz, or 

thereabouts). This is being driven by new 

developments in electronics that are opening up 

this area of the electromagnetic spectrum for new 

end-user applications (e.g. related to THz 

electronics [1]). 

At the present time, this part of the 

spectrum is beyond the operating frequencies of 

most National Measurement Institutes (NMIs) 

offering measurements (e.g. S-parameters, 

power, etc) for high frequency electronics 

applications. One of the roles of the NMIs is to 

provide measurement assurance through the 

provision of measurement capabilities that offer 

both high accuracy and traceability to the 

international systems of units (SI). This ensures 

that these measurements are harmonized with all 

other measurements within the SI. This means 

that such measurements can be compared 

meaningfully with other measurements and 

demonstrated as equivalent. This is very 

important for customer/supplier relationships and 

where products need to be demonstrated as 

compliant to specifications, directives, etc.   

In response to this need for measurement 

assurance and traceability in the frequency 

region above 110 GHz, the UK is now putting in 

place national reference standards and facilities 

that provide measurements that are both very 

accurate and traceable to SI. These facilities are 

being realized through a partnership between the 

University of Leeds and the National Physical 

Laboratory (NPL). Essentially, millimeter-wave 

Vector Network Analyzers (VNAs) at the 

University of Leeds are calibrated using 

standards and calibration routines supplied by 

NPL. Staff at both the University of Leeds and 

NPL are involved in providing this measurement 

capability. 

The work described in this paper represents 

an extension of previous work in this area [2] 

and forms part of the on-going strategy to put in 

place primary national measurement capabilities 

for waveguide operating at millimeter- and 

submillimeter-wave frequencies (110 GHz to 

1.1 THz). The paper describes the work that has 

been undertaken to extend the facilities to cover 

the 140 GHz to 220 GHz waveguide band 

(WR-05, [3]). 

 

II. SYSTEM ARCHITECTURE 

 

The measurement instrument comprises an 

Agilent Technologies 8510C VNA and a set of 

Oleson Microwave Labs millimeter-wave 

extension modules [4]. A pair of millimeter-

wave modules forms a complete S-parameter test 

set operating over a particular waveguide band. 

For the WR-05 waveguide band, the instrument 



operates with a nominal test port power of 

−25 dBm, which is obtained via harmonic 

multipliers within each extension module. The 

University of Leeds system employs an Agilent 

8360 synthesized source operating from 18 GHz 

to 29 GHz to drive the ×8 multipliers for the RF 

test signal. Harmonic mixers are used to down-

convert the Test and Reference signals for the 

receiver using a second (phase locked) 

synthesized source as the Local Oscillator. The 

OML millimeter-wave modules are connected to 

the 8510C via a dedicated controller (Agilent 

85105A-K10) which manages the routing and 

conditioning of the RF, LO and IF signals. 

The measurement method used by this 

facility is an extension of NPL’s Primary 

IMpedance Measurement System (PIMMS) [5]. 

This system uses a PC to run software to control 

the VNA via a suitable connection (e.g. GPIB). 

The software sends and receives information to 

and from the VNA (as GPIB commands and 

uncorrected voltage ratios, respectively); 

provides instructions for the VNA operator (for 

connecting devices during both calibration and 

measurement); performs the necessary 

calculations to implement the VNA calibration 

and measurement algorithms; and, establishes 

the uncertainty of the measurements following 

international guidelines [6]. The measurement 

strategy makes use of multiple repeated 

connections to enable the size of the random 

measurement errors to be determined. Systematic 

errors (e.g. due to imperfections in the 

calibration standards, VNA non-linearity, cross-

talk, etc) are assessed by performing separate 

experiments.  

 

III. CALIBRATION 

 

PIMMS provides the UK’s national reference 

for S-parameter measurements. It therefore 

strives to achieve the best accuracy from 

available calibration standards, calibration 

techniques and instrument hardware. In the case 

of calibration standards, waveguide sections 

(i.e. relatively short lengths of high precision 

waveguide) make an ideal choice of reference 

standard for these measurements. 

The calibration techniques supported by 

PIMMS are Thru-Reflect-Line (TRL) [7] and 

Line-Reflect-Line (LRL) [8]. These techniques 

make optimum use of lines as standards. It is 

only the first standard (i.e. the Thru in TRL, and 

the first Line standard in LRL) that is required to 

be completely known (i.e. in terms of its 

S-parameters) [9]. Therefore, for the reasons 

given in [2], it has been decided not to use the 

LRL calibration technique with PIMMS at these 

higher millimeter-wave frequencies. Instead, a 

version of TRL has been developed that makes 

use of phase changes that are greater than those 

usually used with conventional TRL. 

In a conventional TRL calibration, the length 

of the Line standard is chosen so that it provides 

typically a 90º (i.e. ¼-wave) phase change 

(i.e. midway between 0º and 180º), with respect 

to the thru connection, at the waveguide mid-

band frequency. In the TRL calibration scheme 

used here, two lines are chosen to give phase 

changes between 180º and 360º. In particular, a 

longer line is used for the lower frequencies of 

the waveguide band and a shorter line is used at 

the higher frequencies. However, both lines are 

considerably longer than the ¼-wave line used 

with conventional TRL. This means that the lines 

are considerably more robust mechanically than 

conventional ¼-wave lines. This approach to 

TRL calibration at higher millimeter-wave 

frequencies has been described in detail in [10]. 

The approach leads to the choice of line lengths 

for the WR-05 waveguide size given in Table 1. 

This table also shows that there is a range of 

frequencies, from 166 GHz to 169 GHz, where 

both lines can provide suitable calibration. 

However, in practise, a frequency is chosen 

within this range to change from using one line 

to the other. (For example, 168 GHz was used 

here as the changeover frequency.) 

 
TABLE 1: Line lengths for TRL calibration in the WR-05 
waveguide band 

Frequency range (GHz) Line length 
(mm) Minimum Maximum 

2.22 140 169 

1.47 166 220 

 

The TRL calibration technique also uses a 

Reflect standard. In practice, the Reflect standard 

is realized using a flush short-circuit which is 

connected, in turn, to both VNA test ports. 

 

IV. DIMENSIONAL DATA 

 

Traceability for the S-parameter 

measurements is established via precision 

dimensional measurements of the waveguide 

Line standards. Specifically, measurements of 

the broad wall and narrow wall dimensions of 

the apertures of the waveguides are made using a 

coordinate measuring machine (CMM) fitted 

with a 0.3 mm diameter ball tip micro-stylus. 

This process is similar to the process used to 



characterise the WR-06 line standards described 

in [2]. 

The measurement uncertainty of the 

reported dimensions is determined using a 

calibrated standard [11]. The measurement 

uncertainty of the reported dimensions is 

evaluated to be 0.4 µm (using a coverage factor, 

k = 2). 

The nominal values for the broad and narrow 

wall dimensions of the aperture of WR-05 

waveguide are 1.295 mm and 0.648 mm, 

respectively [3]. The above dimensional 

measurements show that the apertures of the two 

line standards exhibit measurable departures 

from these nominal values. These measured 

values can be summarized in terms of the 

maximum observed deviation from the nominal 

dimensions of the waveguide. These summary 

values are shown in Table 2. 

 
TABLE 2: Summary of dimensional measurements for 
the two TRL Line standards 
Waveguide Line 
nominal length 

(mm) 

Maximum 
broad wall 

deviation (µm) 

Maximum 
narrow wall 

deviation (µm)  

2.22 6.9 2.3 

1.47 13.8 3.5 

 

 

V. ELECTRICAL CHARACTERISATION 

 

In order to understand how deviations in the 

dimensions of the calibration standards impact 

the calibration of the VNA, it is necessary to 

convert these deviations into their equivalent 

electrical form – i.e. to estimate the amount of 

reflection that will be generated when these lines 

are connected to lines with notionally perfect 

dimensions. This is achieved using 

electromagnetic simulation software – in 

particular, CST Microwave Studio [12] is 

employed. 

The magnitude of the reflection coefficient at 

the transition between two semi-infinite sections 

of lossless uniform waveguide is computed. One 

of the waveguide sections has a rectangular 

cross-section with internal dimensions equal to 

the nominal values for WR-05; the other section 

has a rectangular cross-section with dimensions 

which are either undersized or oversized 

compared to nominal by amounts equal to the 

maximum deviations measured for the line 

standards (i.e. 13.8 µm for the broad wall 

dimension and 3.5 µm for the narrow wall 

dimension – see Table 2). The computational 

process is similar to that used to characterise the 

WR-06 line standards described in [2]. This 

results in four reflection coefficients being 

calculated – with the broad wall and narrow wall 

dimensions of the second waveguide section 

being set to be either undersized or oversized. In 

each case, the linear magnitude of the reflection 

coefficient is obtained as a function of 

frequency. For example, the reflection 

coefficients obtained for the transition to 

undersized waveguide are shown in Figure 1 

with similar results being obtained for oversized 

waveguide (not shown). 

From this procedure, the worst-case 

reflection coefficient magnitude due to deviation 

in the broad wall dimension, a, is found to be 

|Γ|a = 0.012 and the worst-case reflection 

coefficient magnitude due to deviation in the 

narrow wall dimension, b, is found to be 

|Γ|b = 0.0027. 
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Figure 1: Magnitude of the reflection coefficients due to 

a broad wall dimension, a, undersized by 13.8 µm and 

a narrow wall dimension, b, undersized by 3.5 µm. 

 

VI. UNCERTAINTY ESTIMATES 

 

In order to specify the performance of the 

measurement system, uncertainty budgets are 

constructed showing the likely size of 

uncertainty contributions due to systematic errors 

in the system (e.g. residual terms in the error 

model, crosstalk/isolation, non-linearity, etc). 

These uncertainty budgets do not include 

contributions due to random errors (e.g. flange 

connection repeatability, noise and ambient 

conditions). As before, the approach used to 

establishing the uncertainty in the measurements 

follows the procedures given in [2]. 

  

A. Reflection measurements 

 

The principal source of uncertainty for the 

reflection measurements is due to the 

imperfections in the calibration Line standards.  



Section V gave values for the reflections, 

|Γ|a and |Γ|b, caused by the maximum deviations 

in the broad wall, a, and narrow wall, b, 

dimensions, respectively. Since these values are 

effectively worst-case estimates, their equivalent 

standard uncertainty, u(|Γ|a) and u(|Γ|b), can 

therefore be established using [6]: 
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Also, since u(|Γ|a) and u(|Γ|b) are 

independent of each other, they can be combined 

to give an overall combined standard uncertainty, 

u(|Γ|): 

 

( ) ( ) ( )22
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Therefore, using the values of |Γ|a and |Γ|b 

determined in Section V, along with equations 

(1) and (2), we obtain:  

 

u(|Γ|) ≈ 0.0071 

 

This value can be considered as equivalent 

to an estimate of the residual directivity in the 

calibrated VNA, this being the major systematic 

error term for measurements of low reflecting 

devices. 

The expanded uncertainty in reflection 

coefficient measurements, U(|Γ|), is given by:  

 

U(|Γ|) = 2 × u(|Γ|) ≈ 0.014  

 

B. Transmission measurements 

 

For transmission measurements, the model 

given in [13] is used to determine the overall 

uncertainty.
1
 The three principle uncertainty 

components are: 

 

(i) isolation/crosstalk;  

(ii) mismatch; 

(iii) non-linearity. 

 

(i) The isolation/crosstalk is determined by 

observing |S21| and |S12| when both ports of the 

VNA are terminated with low reflecting loads. 

This is shown in Figure 2. 

 

                                                 
1
 The symbols and terminology used here are consistent 

with [13]. 
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Figure 2: Isolation assessment for the VNA, showing 
S21 and S12 with both ports terminated with one-port 
devices  

 

Figure 2 shows that the isolation error, I, at 

all frequencies across the band is better than 

-64 dB. During measurement of a particular 

device under test, the size of the uncertainty 

contribution due to isolation/cross-talk, dA, will 

vary depending on the measured attenuation, A: 
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Since dA is a worst-case value, the 

equivalent standard uncertainty, u(dA), can be 

established using:  
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(ii) The expression used to evaluate the 

mismatch error, MTM, is: 
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where M is the residual test port match, ΓL is the 

residual load match and S11, S22, S21 and S12 are 

the S-parameters of the device under test. 

We assume here that M and ΓL can be taken 

as equal to the value for the standard uncertainty 

for measuring low values of linear reflection, 

derived above (i.e. 0.0071). Also, for 

convenience, here we will restrict the estimate of 

mismatch to consider only devices with 

relatively low input and output reflection, 



i.e. where linear |S11| ≤ 0.1 and |S22| ≤ 0.1.
2
 Under 

these conditions, the worst-case value of MTM is 

0.013 dB (regardless of the values of S21 and 

S12). 

The equivalent standard uncertainty, u(MTM), 

can be established as [13]: 

 

2
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M
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(iii) The non-linearity, L, in the VNA’s 

transmission measurements can be assessed by 

measuring a calibrated change in attenuation at 

different input power levels. However, such a 

calibrated attenuation ‘step’ is not yet available 

and so the value for L is chosen to be the same 

value as used for the WR-06 system [2] 

(i.e. 0.004 dB/dB). The equivalent standard 

uncertainty, u(L), can therefore be established in 

the usual way [13]: 
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Equations (4), (6) and (7) are used to 

determine the overall uncertainty for 

transmission measurements, expressed in dB. 

The combined standard uncertainty for 

attenuation measurements, u(A), is given by: 

 

( )( ) ( )( ) ( )( )222
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Therefore, the expanded uncertainty, U(A), 

is given by: 

 

U(A) = 2 × u(A)  (9) 

 

u(A) and U(A) vary considerably depending 

on the value of attenuation being measured. It is 

therefore informative to examine the size of each 

contributing uncertainty component 

(isolation/crosstalk, mismatch, non-linearity) as a 

function of measured attenuation. This is shown 

in Figure 3 for measured values of attenuation 

ranging from 0 dB to 30 dB. This figure shows 

that, for low values of attenuation, mismatch is 

the main source of uncertainty; for values of 

attenuation ranging from approximately 5 dB to 

24 dB, non-linearity is the main source of 

uncertainty; and, for high values of attenuation 

                                                 
2
 For devices where |S11| and |S22| are greater than 0.1, these 

calculations need to be repeated using the measured values of 

|S11| and |S22| in equation (5). 

(i.e. greater than 24 dB), isolation is the main 

source of uncertainty. The resulting overall 

expanded uncertainty (using equations (8) and 

(9)), shown in Figure 4, varies from 0.02 dB to 

0.23 dB as the measured attenuation varies from 

0 dB to 30 dB. 
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Figure 3: showing the standard uncertainty for 
uncertainty components of attenuation measurements 
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Figure 4: showing the overall expanded uncertainty for 
attenuation measurements  

 

In practice, the calculation of uncertainty is 

performed at each frequency and at each 

measured value. This can lead to values of 

uncertainty that are lower than the values shown 

in Figures 3 and 4. For example, it is clear from 

Figure 2 that, at most frequencies, the VNA’s 

isolation is much better than the -64 dB that is 

used to estimate the overall uncertainty of the 

measurements.  

 

VII. CONNECTION REPEATABILITY 

 

A significant source of variability in 

measurements made at these higher millimeter-

wave frequencies is due to the tolerances and 

imperfections in the apertures and flanges used 

to make the connections of all devices (both 

during and after calibration). Such variability 

will contribute to the overall uncertainty of 



measurements made with the system. It is 

therefore useful to attempt to quantify this likely 

variation by examining series of measurements 

following repeated disconnections and re-

connections of various devices. The resulting 

data can be analysed statistically to summarise 

the variability. This approach has been applied 

here for a low reflecting device (a near-matched 

load) and a high reflecting device (an offset 

short-circuit). These devices therefore represent 

the full range of the magnitude of reflected 

signals generated by passive devices. In addition, 

an offset short-circuit was chosen (rather than a 

flush short-circuit) as this provides a 

conventional aperture-to-aperture connection.  In 

contrast, a flush short-circuit will only provide a 

flat sheet of metal contact to the test port 

reference plane and is therefore considered 

unrepresentative of waveguide flange 

connections in general. 

The VNA was calibrated at the beginning of 

the repeatability exercise but was not 

recalibrated during the exercise, as this would 

introduce another source of variability in the 

measurements. In addition, each device was 

reconnected using the same orientation to the 

VNA test port – i.e. the devices were not 

inverted (i.e. turned thru 180º) between 

reconnections. Both devices and VNA test ports 

were fitted with a precision version of the 

MIL-F-3922-67D [14] flange. The precision 

version of this flange has been described in [15]. 

It contains two extra higher tolerance dowel 

holes above and below the waveguide aperture. 

Dowel pins were used in conjunction with these 

dowel holes for the connections made during this 

repeatability assessment.
3
  

There are many potential statistical 

measures of variability for such data, especially 

if one takes into account that reflection 

coefficient is a complex-valued quantity [19, 20]. 

However, the following relatively straight-

forward approach is used here: the usual 

calculation of the experimental standard 

deviation is modified to accommodate 

measurements that are complex-valued. 

 

 

 

 

                                                 
3 It is interesting to note that the repeatability of two other 

waveguide flange designs has recently been reported [16, 17]. 

Waveguide flanges for use above 110 GHz are also currently 

the subject of an IEEE standards making activity [18]. 

For a series of n measurements (k = 1 to n) 

of complex voltage reflection coefficient, Γ, an 

experimental standard deviation, s(Γk), can be 

given by: 
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where Γ , the arithmetic mean of the n 
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where ΓRe and ΓIm are the real and imaginary 

components of Γ, respectively. 

This calculation was performed on a 

series of 12 disconnects/reconnects of the near-

matched load and offset short-circuit devices 

over a range of frequencies. The results are 

shown in Table 3.  

 
TABLE 3: Values of experimental standard deviation 
versus frequency for a near-matched load and an offset 
short-circuit  

Standard deviation, s(Γk) Frequency 
(GHz) Near-matched 

load 
Offset 

short-circuit 

140 0.002 7 0.006 0 

150 0.002 2 0.005 8 

160 0.002 4 0.005 9 
170 0.001 4 0.006 7 

180 0.002 1 0.007 4 

190 0.003 1 0.008 6 

200 0.001 8 0.009 0 

210 0.002 9 0.010 5 

220 0.001 7 0.009 8 
Average 0.002 3 0.007 7 

 

The values of s(Γk) given in Table 3 show no 

strong frequency dependence for either the 

near-matched load or the offset short-circuit. It is 

therefore appropriate to take the average 

(i.e. arithmetic mean) of these standard deviation 

values and to use this average value as the 

summary value to indicate the overall variability 

in the data. The average values for both the near-

matched load and offset short-circuit are given in 

the last row of Table 3. This shows that the 

variability (i.e. average standard deviation) in the 

offset short-circuit measurements is more than 

three times larger than that found for the near-

matched load measurements. This strongly 

suggests that the size of the uncertainty due to 

random error processes (such as flange 

repeatability) will increase as the amount of 



reflected signal increases. This would need to be 

included in any uncertainty budget for the overall 

measurement system. (Uncertainties due to 

random errors affecting transmission, 

i.e. attenuation, measurements would also need 

to be included.) 

 

VIII. SUMMARY 

 

This paper has described a new facility that 

is now available for providing precision, 

traceable, S-parameter measurements of 

waveguide devices in the frequency range 

140 GHz to 220 GHz. The facility has been 

developed through a partnership between the 

University of Leeds and NPL. In particular: 

o The VNA system is owned by, and 

operated at, the University of Leeds; 

o The primary reference standards are 

owned by NPL; 

o The measurement software is provided by 

NPL; 

o Scientists at both the University of Leeds 

and NPL operate the service.  

It has been shown that this measurement system 

achieves an expanded uncertainty of 0.014 when 

measuring low values of linear reflection 

coefficient magnitude, and 0.02 dB when 

measuring low values of attenuation. These 

values represent Best Measurement Capabilities 

for the measurement system [21] and do not 

include effects due to random errors in the 

measurements, as discussed in Section VII. 
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