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Establishing Traceability to the International
System of Units for Scattering Parameter
Measurements from 750 GHz to 1.1 THz

Nick M. Ridler, Fellow, IEEE, Roland G. Clark, Member,|EEE

Abstract—We describe a new measurement capability which
provides fully calibrated, traceable scattering paramete
measurements in rectangular metallic waveguide in the
frequency range 750 GHz to 1.1 THz. The instrumentation
consists of a Vector Network Analyzer (VNA) with waveguide
extender heads, situated at the University of Leeds, and pmary
measurement standards characterized by the National Physal
Laboratory. The measurement standards consist of lengthsfo
precision waveguide that are used during the calibration ofthe
instrumentation. Traceability to the International System of units
(SI) is established by performing high-precision dimensioal
measurements on the waveguide sections. A preliminary
uncertainty budget is presented, indicating the expectedizes of
the main sources of error in both reflection and transmissio
measurements.

Index Terms—Vector network analysis, calibration and

measurement, waveguides, submillimeter-waves, terahexrt
measurement traceability.

I. INTRODUCTION

These developments have extended the availability of
traceable measurements in certain waveguide bands. In
response to demand from the industry (see, for example, [12-
15]), instrument manufacturers have developed measutemen
systems, i.e. Vector Network Analyzers (VNASs), which
operate at all frequencies from 110 GHz to 1.1 THz (see, for
example, [16-19]). This calls for reliable measurement
references and methods for quality assurance for metraogy
these frequencies. Ultimately, SI traceability for the
measurements is required to achieve these goals. Within the
UK, this need has driven a program of research to propose
suitable calibration techniques, and also establish the
associated traceability to SI.

These research objectives are being delivered by means of
a collaboration between the University of Leeds and the
National Physical Laboratory (NPL). A millimeter- and
submillimeter-wave VNA at the University of Leeds provides
the measurement instrumentation. The calibration stalsdar
are lengths of precision waveguide. These standards are
characterized by NPL. Researchers at both the University of

ATIONAL Measurement Institutes (NMIs), from many Leeds and NPL have contributed to the development and
regions around the world, have established facilities toperation of the traceable measurement capabilities.

provide high precision scattering parameter measurensants

Initially, this research has concentrated on waveguide

RF, microwave and millimeter-wave frequencies [1]. Thesbands in the upper part of the millimeter-wave region,

facilities achieve traceability to the international yst of

i.e. from 110 GHz to 330 GHz [9-11]. The program has now

units (SI) by relating the quantities being measured (he. t €stablished a facility to provide traceabl&parameter

scattering parameters) to the relevant base units of the Sl
Throu
references fo
scattering parameter measurements, these systems mak
possible to harmonize all measurements that can be trace

this case, the meter, ampere and second) [2, 3].
provision of national and international

i.e. reflection and transmission coefficient) measunetismien
e WM-250 [20] (or, equivalently, WR-01 [21]) waveguide
and, which supports frequencies from 750 GHz to 1.1 THz.
X‘/ﬁ report on the new capability in this paper. Some work has
ready been undertaken by other researchers (see [7, 8]) to

pr%vide metrological traceability for this range of frequees.

these primary standards. However, the work reported in [7, 8] utilised a new type of

Most of these NMI facilities operate at frequeQC|es up t(\)/vaveguide flange/interface that is not commonly used is, thi
110 GHz. Recent_ly,_ some NMils h{;\ve established ney, any other, waveguide band. The type of waveguide
metrology capabilities at frequencies above 110 GHggnge/interface used at these frequencies will have a majo
(e.9.NIST [4, 5], PTB [6], NMIJ[7, 8] and NPL [9-11]). jmpact on the performance of the VNA measurement system.
The work described in this paper uses the same type of
flange/interface that is used for nearly all applicatioms i
waveguide bands above 110 GHz (including the 750 GHz to
1.1 THz band).

This work was funded through the European Metrology Res$earc
Programme (EMRP) Project SIB62 ‘Metrology for New Elecatic
Measurement Quantities in High-frequency Circuits’. THRIRP is jointly
funded by the EMRP participating countries within EURAMETdathe
European Union.

N. M. Ridler is with the Time, Quantum and Electromagnetidsifion,
National Physical Laboratory (NPL), Teddington, UK (e-ai
nick.ridler@npl.co.uk R. G. Clarke is with the Institute of Microwaves and
Photonics, School of Electronic and Electrical Enginegribiniversity of
Leeds, Leeds, UK (e-mait:g.clarke@leeds.ac.puk

Il. MEASUREMENTSYSTEM

The measurement technique employed by this facility is
based on NPL’'s Primary IMpedance Measurement System




(PIMMS) [22-23]. The measurement instrumentatioriThru connection (which is achieved simply by joining the two
comprises a Keysight Technologies PNA-X VNA and a paiVNA test ports together), since no additional physical fate

of VDI submillimeter-wave extension modules. This systam iis heeded to realize this standard. This is the reason why the
shown in Fig. 1. The submillimeter-wave extension module¥RL calibration technique is preferable to the similar LRL
provide a completeSparameter test set for a specific(Line-Reflect-Line) calibration technique [30] at these
waveguide band. The measurement stimulus signal is olotainfeequencies — for the LRL technique, all fo8fparameters of

via harmonic multipliers within the extension modules. B@ the first Line standard need to be known to a high degree of
750 GHz to 1.1 THz waveguide band, the instrument producegcuracy. This requires that the Line must first be
D QRPLQDO WHVW SRUW SRZHU RI i char&eferized using dimensional measurements (pantigula

The measurement uncertainty is established followintp determine the length of the Line standard). Errors that ar
international recommendations [24] which are adapted tmevitable in the dimensional measurements impact the
account for the fact that the quantities being measuredtfiee assumed characteristics of the Line standard. At lower
scattering parameters) are complex-valued quantitiesZ@p frequencies (e.g. microwave frequencies, where wavdisngt
In order to evaluate the extent of random errors in thare comparatively large), it can safely be assumed thatthes
measurements, multiple measurements are made with repeadenensional errors will be negligible compared with the
connections of the waveguide interfaces. Separate expetim required characterization accuracy for the Line standAtd.
are used to ascertain the extent of systematic errors in theese very high frequencies (750 GHz to 1.1 THz), where
measurement system. These systematic errors are duewavelengths are very small (ranging from approximately
imperfections in the physical properties of the calibnatio P GRZQ WR P ZLWKLQ WKH ZI
standards, VNA test port mismatches, non-linearity andsro assumption becomes questionable. The dimensional em®rs a
talk. The evaluation of measurement uncertainty is desdrib significant compared to the guide wavelength and therefore
in section VI. the Line standard cannot be characterized to the necessary
degree of precision needed for a ‘known’ calibration stadda

For this reason, LRL calibrations are not used with
PIMMS in all waveguide bands above 110 GHz.

For a routine implementation of TRL, the Line standard
length is chosen so that the phase difference between the Thr
and Line standards is between 0 and ¥ wavelength across the
waveguide band (and is a ¥ wavelength around the middle of
the band). This is the range in which the calibration is well-
conditioned. At and around 0 and Y% wavelength, the
calibration becomes poorly defined. In general, the catibn
fails atn ZKHUH « DQG LV WKH ZDY
Therefore, a Line standard is chosen whose length produces
phase changes that do not coincide with these calibration
failure values. Generally, lines are chosen so that phase

Fig. 1. The 750 GHz to 1.1 THz VNA system at the University oétle diﬁerenC.eS are more than 30° away from the fa”U"e_
frequencies, e.g. for “s-wave TRL, phase changes that vary in
[Il. CALIBRATION STANDARDS AND TECHNIQUES the range from 30° to 150° are considered to provide suitable
calibrations.

The = UK’s - national measurement reference  for However, it becomes difficult to implement ¥-wave TRL

Sparam_eters is provided by PIMMS, Wh'ch seeks 1o OL?t"’“?alibration schemes at frequencies above 110 GHz becagise th
the optimum measurement accuracy using the available

instrumentation, calibration standards and error-ctioec réquired length of the Line standards becomes very short. Fo

techniques. For these measurements, ideal candidatekefor xample, in the 750 GHz to 1.1 THz band, a line length of
ques. . L g SSUR[LPDWHO\ P LV QHH®HE W\R KDUA
reference standards are precisely machined lengths tifledt-

waveguide. These form uniform sections of transmissioe lin’ =Y from 30° to 150° across the band. Such a short length of
9 ) - : . line is mechanically very fragile and so could easily become
and, as such, their expected behavior can be considered fr%m d duri heref haline i idered
fundamental electromagnetic circuit theory. amaged during use. T erefore, such a line Is not considere
! . . to be a good choice as a primary reference standard for these
The NPL / University of Leeds partnership has bee'?requencies
supplied W.ith a set of these precise waveguide Iine_ sections To avoid.using such short lines, a modification to the TRL
D O T e b2 toraton tecque as been esabished 31 unereaggn
. Y . " changes are used that are greater than conventional ‘Y4-wave
standards enable the Thru-Reflect-Line (TRL) [27] caliiom

technique to be implemented. This technique is ernployeTRL. Instead, line lengths are chosen that produce phase

i X X S changes in the range from % to 1 wavelength (i.e. 180° to
since it uses these lines as the calibration standards. $RL.J.~, : ; . .
o oo . 60°). This approach also avoids the problems associatéd wit

also a “self-calibration” technique that does not need a

standards to be known items [28, 29] — only the Thru eaI_ternanve LRL scheme. . o
- S It is still necessary that the line phase changes are 30° or
connection needs to be fully known (i.e. in terms of &s

e : . more with respect to the calibration failure points. Thiade
parameters). This is considered a reasonable assumptian fqo phase changes within a range from 210° and 330° that are



needed to provide acceptable TRL calibrations. This adsiev IV. DIMENSIONAL DATA
a so-called ¥:-wave TRL calibration technique. The phase of \atrgiogical traceability to the International System of
these longer lines varies more rapidly as the frequency {gits (s) is achieved for theSparameters via precision
increased (compared to a conventional ‘short’ a-wave |iN€}imensional measurements of the TRL Line standards —
and so one line is not able to provide stable calibrations OV@pecifically, measurements of the dimensions of the
the full band. Therefore, two lines are used — one for the ',OV‘;‘?Naveguide apertures and the alignment mechanisms found on
part of the band; one for the higher part of the band. This %pe \waveguide interfaces. The measurements are temperatur
wave TRL method, for millimeter-wave frequencies, issorrected using a value for the coefficient of linear thdrma
described in [31]. The approach can also be extended Xpansion of 16.6u10° K™* (i.e. assuming the lines are made
submillimeter-wave frequencies and this Ieads to line tlesig primarily from copper). Each dimensional measurement is
for the 750 GHz to 1.1 THz band as shown in Table . repeated (typically, four or five times) with the mean of the
measurement data reported.
TABLE |

LINE LENGTHS FOR¥2-WAVE TRL CALIBRATION IN THE 750 GHz T01.1 THz
WAVEGUIDE BAND

Nominal Frequency range (GHz) Phase change (degrees
line Iesgth Minimum Maximum Minimum Maximum
388 750 928 210 330
29¢ 83¢ 110¢ 21C 33C

The phase changes produced by the two lines (also shoy
in Table 1), indicate that the useable bandwidths for thedin
RYHUODS WR VRPH H[WHQW 7KHU
IUHTXHQF\ RI *+] ZKHUHDV WOXXREZH
frequency of 838 GHz. The changeover from using one line t
the other line, as the Line standard, can occur at any fraxyuen
from 838 GHz to 928 GHz. In practice, the frequency is

chosen as 883 GHz (i.e. approximately in the middle of this 4 . :
Fig. 2. Photograph showing one of the TRL Line standards \itheeguide

over[ap frequency region). . aperture is barely visible in the center)
Fig. 2 shows one of the Line standards from the ¥-wave

TRL calibration kit. Situated in the middle of this standasd i ) A RSt d A5
the waveguide aperture. However, because the dimensions RATA ST e Bt L&
WKH DSHUWXUH DUH YHU\ VPDOOPD¢ —— —

it is barely visible in this photograph. A close-up view (ia&
optical scan) of the waveguide aperture is shown in Fig. :
(This scan was obtained during the collection of the
dimensional measurements of the apertures — the two Mertic
lines in the scan are part of the measurement frame used
the dimensional measurement system.) The scan shows sc
imperfections in the waveguide aperture, including som
rounding of the corners of the aperture. Effects due to the!
dimensional imperfections, on the electrical performante
the line standards, are discussed in Section V. el
A reflection standard is also employed in the TRL SR 3
calibration process. This Reflect standard must produce &ig- 3. Close-up view of the waveguide aperture of one of tit Line
identical, though not necessarily quantified, value ofetfon ~ Standards ,
coefficient at each of the test port reference planes of the Measurements f)f the waveguide aperture b_road and
VNA. The Reflect standard is ordinarily implemented by?arow wall dimensions were performed using a microscope
connecting a flush short-circuit (i.e. a flat metallic sheith ~ With @ travelling stage and reflecting illumination. The
no waveguide aperture) to the VNA test ports. Using the sanfliSPlacement of the stage was measured by means of a
physical Reflect standard at each test-port (in turn) pisrthie hehgm-neon laser m_terferor_neter, t_he _frequen_c_y of therlas
assumption that an identical value of reflection coefficiss N@ving been determined using an iodine-stabilized reteren

presented at both of the VNA's reference planes (neglectid ser. Measurements were made at both front and back faces
electrical noise and connection repeatability errors)e ThO! the lines. The measurements were made of the bulk wall

complete calibration kit (i.e. two line standards and aHiusProPerties of the aperture at the mid-point of the broad and
short-circuit) is shown in Fig. 4. The device in the middie, i "&ToW walls. The reported results are the average of four
Fig. 4, is the flush short-circuit (i.e. containing no wauete '€Peated measurements. The expanded uncertainty (using a
aperture). coverage factor ok = 2) of_both broad and narrow \_/vall
dimensional measurements is expected to be approximately
p




In addition, the position and size of the alignment
mechanisms on the waveguide interfaces are also measured.
These alignment mechanisms are the dowel holes, used in
conjunction with externally fitted dowel pins, to align the
standards with the VNA waveguide test ports. These
measurements were made using a Zeiss F25 coordinate
measuring machine (CMM) fitted with a ball tip micro-stylus
of diameter 0.3 mm. Each line was measured separately after
being positioned with the aperture axis aligned verticalty
the CMM, as shown in Fig. 5. The expanded uncertainty
(using a coverage factor ok = 2) in these dimensional
PHDVXUHPHQWY LV W\SLFDOO\ V RP 6RPH PHDVXUHPHQW
these alignment mechanisms were also made using the laser
interferometer in order to correlate the two sets of dinm@mesi
measurements.

Fig. 5. Photograph showing the CMM measuring a waveguide ktandard
using a ball tip micro-stylus

There is currently in existence at least two sets of
published values for the nominal aperture dimensions of
waveguide used for the 750 GHz to 1.1 THz band. These
waveguide sizes are known as WM-250 [20] and WR-01 [21].
The nominal mechanical dimensions of these two waveguide
sizes are shown in Table II.

TABLE Il
NOMINAL VALUES FOR THEAPERTUREDIMENSIONS OFWAVEGUIDE USED
FOR THE750 GHz TO 1.1 THz BAND

Waveguide
name
WM-250 250 125

WR-01 254 127

%URDG ZDQO P 1DUURZ ZDC(

Measurements of the broad and narrow wall dimensions of
the waveguide apertures, described in Section IV, showetd th
the apertures of the two lines used for the TRL calibration
exhibit measurable departures from the nominal values for
both the WM-250 and WR-01 waveguide sizes. These
measured values can be summarized in terms of their observed
deviation from the nominal waveguide aperture dimensions
for both WM-250 and WR-01. These summary values are
shown in Tables Il and 1V, for the broad wall and narrow wall
dimensions, respectively.

Fig. 4. Photograph showing the complete ¥-wave TRL -calitmakit, TABLE Il
c_ompris_ing two_ line standards (at the top and bottom) and flusé short- SUMMARY OF THE MEASUREMENTS OF THE BROAD WALL DIMENSIONS OF
circuit (in the middle) THE TWO TRL LINE STANDARDS

. Deviation o .
Nominal Average With respect Deviation with
V. ELECTRICAL CHARACTERIZATION line length | measured value to WM-25pO respect to

Deviations from the nominal dimensions for the P P p 'S P
waveguide standards necessarily affect the calibratiothef 298 253.7 +3.7 0.3
VNA and the subsequent measurement accuracy. To 388 254.2 +4.2 +0.2
understand the impact of these dimensional deviations it i
required to convert this data into equivalent electrical
performance metrics. To a first order approximation, this

TABLE IV
SUMMARY OF THE MEASUREMENTS OF THE NARROW WALL DIMENSIONS OF
THE TWO TRL LINE STANDARDS

amounts to estimating the reflections produced whem Nominal Average Deviation Deviation
waveguide lines with the dimensions obtained from the line length | measured value| with respectto with respect to
mechanical characterization step are connected to linds w P P :0 P :5 P
nominal dimensions. 298 124.7 0.3 2.3
388 128.8 +3.8 +1.8




These summary values show that all measured values are TABLE VI

ZLWKLQ “ P Rl WKH QRPLQD® LG MQGEVPERUHERMTK MW?EL MERETS OF THEOUTER ALIGNMENT

HOLES ON THETWO INE STANDARDS

narrow wall dimensions) for both the WM-250 and the WR-0] _ : Deviation

waveguide aperture sizes. "ng‘?gr‘]'gf‘h' Nominal minin“fjn’;'mn:gs%rre J with respect
Values of reflection coefficient due to tolerances ir P diameter (mm)| " o ooy (mm) to nominal

waveguide apertures have been given in [20, 32], where it|is P

shown that, for these waveguide aperture sizes, a tolei@nc ggg 1.613 11‘66%% '_53‘%

“ P JLYHV ULVH WR D PD[LPX\WP BHMZHAFNIrRQ FRHHLFLHQ

tWO, perfectly a“gned waveg'wdes, of ,'22 dB. ,Th's IS According to [33], the IEEE 1785.2a interface achieves a
equivalent to a linear reflection coefficient magnitude ofy st case reflection coefficient of -19 dB, for this wavietu
0.079. T_h's value is therefore_used as an input quantnyHertsize_ This is equivalent to a linear reflection coefficient
uncertam_ty assessment fo_r this system. . . magnitude of 0.112. Based on the dimensional values given in
The alignment mechanisms used for the TRL calibratiog e\ and v, it is assumed that the interfaces on the two

!ines are similar to tr_]ose specified for a design given irj ['3_3_ TRL line standards achieve this same level of performance
In pa_rtlcular, the d_eS|gn kn0\_/vn as the IEEE 1785_.2a Presisi 54 therefore this value is used as an input quantity for the
Pin’ interface. This type of interface uses two tight tofera uncertainty assessment for the system

inner alignment holes in conjunction with four looser
tolerance outer alignment holes, as indicated in Fig. 6. VI,
Appropriately sized dowel pins are inserted into all six of

these alignment holes during connection.

UNCERTAINTY ESTIMATES

Evaluating the performance of the VNA requires the
production of uncertainty budgets. These budgets inditete
expected size of individual uncertainty contributions ethare
attributed to systematic errors within the measuremertesys
(e.g. imperfections in the calibration standards, rediterans
in the VNA error model, isolation/crosstalk, VNA detectors
non-linearity, etc). Random errors (e.g. connection

- repeatability of the device under test (DUT), noise and
Outer alignment holes fluctuations in the environmental conditions) are not tield
4// in these uncertainty budgets. With the exception of eleatri
noise, these random errors may be considered to be ‘external

to the VNA and consequently, they are not representative of

the VNA’s performance. Connection repeatability errors ar

mainly influenced by the quality of the waveguide interface

on the DUTs. The VNA system is housed in a temperature-

controlled laboratory to reduce fluctuations in the ambien
conditions. The impact of changes in the measurement
environment is further mitigated through minimizing thend
between calibration and measurement of the DUT.

The uncertainty budgets presented in this paper also do not
contain a contribution to account for the frequency accurac
and spectral purity of the VNA test frequency. Although

The measurements of the diameters of the alignment holgggtentially an important contribution, it is considered/bed
also described in Section IV, on the two TRL Line standardthe scope of the preliminary uncertainty budgets presented
are summarized in Tables V and VI. These tables give tHBis paper. The resulting uncertainty budgets establigh th

maximum departures from nominal diameters of both th&alibration and Measurement Capability (CMC) [34] for the
inner and outer alignment holes, respectively. measurement system. The uncertainty budgets can therefore

be considered appropriate for establishing a Scope of

Inner alignment holes

Fig. 6. Identification of the alignment holes used for alignthe calibration
standards with the VNA test ports. The scale shown is nundbéne
centimeters

TABLE V Accreditation [35] for the VNA system.
SUMMARY OF THE DIAMETER MEASUREMENTS OF THEINNER ALIGNMENT
HOLES ON THETWO TRL LINE STANDARDS A. Reflection measurements
) ) : Deviation '
Nominal Nominal Maximum, or .
line | h di . d with respect . . .
ine lengt lameter | minimum, measured " oL The main source of uncertainty for reflection
P (mm) diameter (mm) P measurements (i.&; and S,), may be attributed to
298 1587 15824 -4.6 reflections caused by the imperfections in the Line stahslar
388 1.5846 2.4 used during calibration. In particular, reflections calisgy

imperfections in the waveguide aperture sizes (i.e. thedro
and narrow wall dimensions) and the alignment mechanisms
found on the waveguide interfaces. The Line standards are
used in the TRL calibration to set the characteristic impeda



for the system and so these reflections cause there to @B mismatch; (iii) non-linearity.
uncertainty in the characteristic impedance determinethby ~ The system isolation/crosstalk is determined by observing
calibration. It is expected that, for such small waveguid{s,,| and §,,] when both ports of the VNA are terminated with
apertures, these dimensional imperfections will be thpw reflecting loads. The achieved performance is shown in
dominant source of uncertainty in setting the characteristrig. 7.
impedance of the system. This uncertainty subsequently
affects all reflection measurements made by the calibrated
VNA.
Section V gave a maximum value for the reflection
caused by the deviations in the broad and narrow wall
dimensions of the apertures of the Line standards. Thistwors
FDVH UHIOHFW )R O0.6V9, UR tbnveited +o an
equivalent standard uncertainty, ;}, using [24]:

@ 4= <L=0046 @)

since it is assumed that the worst-case reflection errorbean
represented using a uniform probability density function
(PDF).
Section V also gave a maximum value for the reflection
caused by the imperfect allgljment of the interfaces .Of the Li Fig. 7. Isolation/crosstalk assessment for the VNA witrhbmorts terminated
standards. As before, this worst-case reflection errof;p ow-refiecting loads
0 ,F=0.112, is converted to an equivalent standard

uncertaintyu _f, using [24]: Fig. 7 suggests that the isolation/crosstalk erfpat nearly
all frequencies across the waveguide band is better than
Q@ d)= <2=0065 20 i G% )RU D JLYHQ '87 WKH BRQW\UG KX\

wi to isolation/cross-talk, dA, will vary according to the

since, as before, it is assumed that the worst-case reftectidttenuation, following the expression in [36]:

error can be represented using a uniform PDF.

The two uncertainty contributiong) F andu _,f, are a (I Ao
independent of each other and so the combined standard dA 20log,, & 10 20 » ()
uncertainty inreflectiony _+ LV JLYHQ E\ > @ 4 v,

Here, the isolation/crosstalk term is considered to be a
— . 6 N 6 — ’
Q@ )= ¥Q:d)®E Qi)°=0.079 ®) transmission coefficient (i.¢. i G% UDWKHU \
. . . .1 =+40dB) and the measured attenuati@nis expressed as a
The expanded uncertainty in reflection coefficie

Mhositive n er, e.A=+ This results in a slightly
measurementsl) _+_ REWDLQHG XVLQJ éélffél%ﬁf ’fr)%éf}_fhel B@@}Edgng in [36]. For a given

k=2,is given by [24]: attenuation valuejAis effectively a worst-case error estimate

and, consequently, it may be treated as a limit value.

Therefore, it is characterized using a uniform PDF. The

equivalent standard uncertaintf{dA), is therefore established
the usual way [24]:

U _+_ u _#0.16 4

Therefore, this value can be considered the CMC expand
uncertainty for the VNA reflection coefficient measurertseen
(i.,e. S _and Sy,). This uncertainty value is equivalent to a u(dA) dA (6)

return loss of approximately 16 dB. For comparison purposes J3

similarly-sized dimensional errors in WR-10 waveguide The equation used to calculate the error due to mismatch,
(i.e. for frequencies from 75 GHz to 110 GHz) produce Moy, is also given in [36]:
return loss of approximately 40 dB.
1 (‘MS.]J ‘*LSZZ‘ ‘M*L§1SZZ‘ ‘M*Lszﬁz‘) (7)
1 M=

L M 20lo
B. Transmission measurements ™ Gho

For transmission measurements (i8; and S,), the whereS,;, S, Si andS;, are the measureBparameters of

uncertainty is evaluated using the error model given in.[36}he pUT M LV WKH 91$ UHVLGXDO M&khE W SR L
(The symbols and terminology presented here are consist&N|a residual load match.

with that used in [36].) The three main contributions to the The values of bothM D Q Gmay be considered to be
overall uncertainty, given in [36], are: (i) isolation/ssdalk; equivalent to that of the standard uncertainty for reftecti



measurements [36], which has been determined already (i®dB to 30 dB. Fig. 8 demonstrates that, for low measured
an uncertainty in linear reflection coefficient of 0.07®or values of attenuation (i.e. 10 dB and less), mismatch is the
convenience, the estimate of mismatch is limited to the ofse largest source of uncertainty. For measured values of
DUTs with relatively low input and output reflection, attenuation greater than 10 dB, isolation becomes thedarge
i.e. where linearg,;| d0.1 and linearSy,| d0.1. (For devices source of uncertainty. The overall expanded uncertainty
with linear By;| > 0.1 and/or linearS,| > 0.1, the mismatch (obtained using equations (10) and (11)), shown in Fig. 9,
calculation is repeated using the measurement§, gfgnd ;] varies from 0.36 dB to 2.8dB as the attenuation being
in equation (7).) Under these circumstances, the worsi-cageasured ranges from 0 dB to 30 dB.
value of My, is 0.244 dB (for all passive DUT values &; This uncertainty information can also be summarized in the
andsp,). form of an uncertainty budget table. An example uncertainty
For vector errors, where knowledge of the phase is eithéudget table, for a well-matched 20 dB attenuator, is shawn i
absent or not used (due to a lack of confidence in th&able VILI.
reliability of the measured phase value), it is conventidoa The measurement uncertainty is normally calculated at each
use aU-shaped PDF to characterize the error. Therefore, tHeequency, at each measured value, and for eaphrameter.
equivalent standard uncertainty)(Mry), is established This will often lead to values of uncertainty that are somatwh

following [37, 38]: different (either lower or higher) than the values shown in
Figs. 8 and 9, and presented in Table VII. For example, it is
u(Mqy) Moy (8) evident from Fig. 7 that at many frequencies across the band,
V2 the crosstalk/ isolation of the VNA is considerably betteaurt
WKH YDOXH RI i G% XVHG KHUMNDIGQO W

The systematic non-linearity error,, in transmission measurement uncertainty.
measurements is ordinarily assessed by means of a catibrate
step attenuator, to provide different, but known, poweelsv C. Random Errors
to the VNA test ports. However, for this waveguide size, ¢her
are no traceable calibrated attenuation ‘steps’ available Although the evaluation of the uncertainty presented ia thi
Consequently, estimates of the likely values lfoare used for paper has not included a treatment of the random errors
this contribution to the uncertainty budget. A typical v@fer  jmpacting this measurement system, it is informative to
L obtained for coaxial VNA systems is 0.002 dB/dB [36]. Forprovide some information about these types of error. For
VNAs with waveguide extender heads operating fronmeasurements in waveguide at submillimeter-wave
110GHz to 330GHz, the estimated non-linearity iSrequencies, the most significant source of random errsrs i
0.004 dB/dB, according to [9-11]. Thus, a conservative @alulikely to be due to the repeatability of connection of the
of 0.01 dB/dB is used here for the purpose of this preliminarwaveguide devices to the VNA test ports. This lack of
uncertainty budget. The equivalent standard uncertairfty), repeatability emanates primarily from the mechanical

is established following the procedures given in [36]: properties of the waveguide interfaces — e.g. the mechanica
L tolerances on the alignment mechanisms (i.e. the dowel pins
u(L) 3 (9) and holes), the tightness of the connection (i.e. the tarque

. . applied to the bolts used to tighten the waveguide integace
From equations (6), (8) and (9), the combined standafthe roughness and flatness of surfaces (e.g. on the fachs of t
uncertainty for the transmission measurement§]), is interfaces). These errors will vary depending on the qualit

evaluated following [24]: (i.e. degree of precision) and condition of the waveguide
interfaces, and while it is possible to control these atteb
u(T) \/u dA2 uMpy 2 ul 2 (10) for the VNA test ports, it is not possible to have the same

degree of control for the DUTs (which will often be provided
Therefore, this value can be considered the CMC standapg third parties). It is for this reason that it is not geniral
uncertainty for transmission measurements &g..and S;,, feasible to provide a complete uncertainty budget for a
in dB). The expanded uncertainty in transmission coefficie particular DUT before it has been measured by the system.
measurement4)(T), obtained using a coverage factor 2, is
given by:

U(T) =2 xu(T) (11)

The size ofu(T) and U(T) are functions of the value of
attenuation being measured. Consequently, it is helpful to
explore the relationship between the size of each coninigut
uncertainty component (mismatch, non-linearity,
isolation/crosstalk) and the value of the measured attemua
This is shown in Fig. 8 for attenuation values ranging from



Fig. 8 Standard uncertainty for uncertainty components ofig. 9. Overall expanded uncertainty for attenuation&naission

attenuation/transmission measurements measurements
TABLE VII
UNCERTAINTY BUDGET FOR ANS; MEASUREMENT,WITH |S;1| =|S2_ " AND [S4|=[Si2_ 8§ I.E.AWELL-MATCHED 20 dBATTENUATOR)
Contribution Estimate Uncertainty Distribution Divisor ntertainty
Linearity 0.01 dB/dB 0.080 dB Gaussian 2 0.040 dB
Mismatch 0.192 dB U-shaped 2 0.135dB
Isolation/crosstalk -40dB 0.828 dB Rectangular 3 0.478 dB
Combined
standard uncertainty 0.498 dB
Expanded uncertainty
(k=2) 1.0dB

Some work on assessing DUT repeatability in thiorientation; and another, in the inverted orientation. 3ate
waveguide size has been undertaken recently [39-41] foesomesults, each with an associated uncertainty, could then be
selected one-port devices. These were high-reflectingcdev given for these two measurands.

(a flush short-circuit and an offset short-circuit) and av4o Finally, some related work [41] investigated the effect of
reflecting device (a near-matched load). It was found if [39using different types and combinations of alignment dowel
that experimental standard deviations, calculated fromri@s pins and holes during the connection of the waveguide
of 12 repeat measurements made under essentially the samterfaces. These investigations showed that, for thefates
condition of measurement, varied from approximately 0®1 tthat were studied experimentally, there was no obvioust ‘bes
0.1 (in terms of linear reflection coefficient). This ischoice’ combination of alignment dowels, although all
equivalent to a standard uncertainty of the order of 0.029.[2 connections that were investigated used at least the fder ou

Further work [40] investigated the situation where thelignment holes (shown in Fig. 6).
aperture of the DUT was inverted (i.e. rotated through 180°) It was shown in [40, 41] that experimental standard
between the repeated disconnection and re-connectioneof ttieviations, calculated from series of 24 repeat measurmen
DUT to the VNA test port. In some instances, this showed aan be as large as 0.4 (in terms of linear reflection coeffig)i
substantial increase in the observed experimental stdnddrhis is equivalent to a standard uncertainty of the order of
deviations (compared with the situation when the DUT0.08 [24], which is larger than both standard uncertainty
aperture was not inverted between reconnection). Thontributions given in equations (1) and (2), relating te th
suggested that the positional alignment of the apertureroks deviations in the aperture dimensions of the waveguidess Th
DUTs exhibited a systematic offset from the nominal positioillustrates that the contribution to uncertainty due to
of the aperture. The impact of this effect can be removed fromonnection repeatability of the waveguide interfaces can b
the measurements by only measuring an item in the samtee dominant source of uncertainty for these types of
specified, connection orientation to the VNA test portmeasurement.

Alternatively, a single device could be measured twice - i.e
(i) in a non-inverted orientation; and (ii) in an inverted
orientation. Each of the two orientations would be treated a
separate measurand. This, in effect, treats the DUT as
providing two measurands — one, in the non-inverted



D. Uncertainty in phase Sparameter (i.e.§j_< u(S;)), the uncertainty in phase
becomes indeterminate. To Iillustrate a calculation of
For a givenS-parameters; (i = 1, 2;j = 1, 2), the standard uncertainty in phase, we use the uncertainty budget in
uncertainty for phasey 3 FDQ EH HVWLPDWH Grall¥ IQ dvirere @ne standard uncertainty in logarithmic
transmission is given as 0.498 dB. This is equivalent to an

8ys. ) - uncertainty in linear transmissiorg{|, using equation (17), of

S _ S

u( )y sin -~ , (12) 0.005 8 (assuming the measured value of transmission is
©‘Sﬂ‘ i actually 20 dB). This produces a standard uncertaintyin

phase, using equation (12), of 3.3°, or equivalently, an

where §; is the measureds-parameter andi(|S;|) is the expanded uncertainty of 6.6° (using equation (13)). More
standard uncertainty ir§j|. Equation (12) assumes that thegenerally, Figure 10 shows a graph of expanded uncertainty i
uncertainty in each of th8parameters can be represented byransmission phase, as a function of measured attenuation.
a circular region of uncertainty (i.e. characterized byrawdar
bivariate normal PDF) in the complex plane for each
Sparameter. The expanded uncertainty in phabe,3
obtained using a coverage factorlof 2, is given by [24]:

u a3 ui3

When using equation (12) to compute the standard
uncertainty in the phase of transmission measurements, a
preliminary step is needed to determine the standard
uncertainty in the magnitude of the linear transmission
coefficient, i.e.u(|S;4]) oru(|S:2]). This can be derived from the
PHDVXUHG DWWHQXDWLRQ LQFE%YWDL@WG WKH VWDQGDUG X
in the measured attenuation (also in dB),. JRU UHFLSURFDO
devices, the magnitude of the linear transmission coefiigi
S (i zj LV UHODWHG WR . DV IROORZV

, Fig. 10. Overall expanded uncertainty in phase for
+5¢ L sr¥%as (14) transmission measurements

From the Law of Propagation of Uncertainty [24]:
VII. SUMMARY

This paper has described a new capability for providing
Sparameter measurements, with traceability to the
International System of units (SI), of waveguide devicethi:m
and from equation (14): frequency range 750 GHz to 1.1 THz. This capability is
provided by a partnership between NPL and the University of

Fkgro LB §:0; (15)

x+hb +bo Leeds. The VNA system is owned by, and operated at, the
— N r<T<; (16) University of Leeds and the primary reference standardkén t
TRL calibration kit are characterized by NPL. Researchérs a
So, from equations (14), (15) and (16): both NPL and the University of Leeds are involved in
providing theS-parameter measurements.
1 b a7 It has been demonstrated that the capability achieves a
”(‘Si ‘) |% wo 20 w(D Calibration and Measurement Capability (CMC) expanded

uncertainty kK = 2) of 0.16 for linear reflection coefficient
Equation (12) shows that the uncertainty in phase will varjnagnitude, and 0.36 dB for low measured values of
depending on the magnitude of th&parameter being attenuation. The related CMC forSparameter phase
measured. For linear magnitudes close to unity'€asurements, using equations (18) and (13), i.e.for

(i.e. representing either complete reflection or completeParameters with linear magnitudes close to unity, is 1° f
.. . . i o
transmission), the standard uncertainty approximates to: measurements of reflection and 21° for measurements of

transmission. These CMCs are expanded uncertainties
obtained using a coverage factorlof 2.

It is fully recognized that the uncertainty values given in
. . this paper are based only on a preliminary assessment of what
Equation (18) establishes a CMC f&parameter phase is expected to be the most significant sources of error tffgc

measurements. However, when the magnitude of a giveReasurements of this type. However, there has been some
Sparameter is less that the uncertainty in the magnitudeeof th

u M]sin* u\s,j\ (18)



related recent work aimed at quantifying uncertainty
components for this waveguide band [7, 8, 43] and there is
encouraging agreement between these independent untgrtai
assessments. It will therefore be useful, at some time in thell
future, to verify and validate these uncertainty statemerfor
example, through a measurement comparison exercise
involving systems operating at these frequencies belgngin  [12]
other end-users — for example, as used in [7, 8, 43]. It wslbal
be useful to undertake a rigorous review of the mechanical
interactions that take place when connecting interfacehisf
type at these, and similar, submillimeter-wave frequencie [13]
Detailed models that include the imperfections in both [14)
interfaces that are involved in a waveguide connectioncoul
be used to provide a more accurate definition of the conditio [15]
of measurement for th& parameter measurands.
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