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| nter comparison of Permeability and Per mittivity
M easurements Using the Transmission/Reflection M ethod
in 7and 14 mm Coaxial Air Lines

ClaudeM. WEell, Michad D. Janezic, and Eric J. Vanzura

Electromagnetic FieldsDivision,
National Institute of Standardsand Technology
325 Broadway
Boulder, Colorado 80303

We discussa measurement intercomparison, designed as afollow-up to that reported
by Vanzuraet d. Inthiseffort, 13 participants performed broadband (3 MHz to 10
GHz) measurementsof the magnetic and dielectric properties of five different ferrite
samples using the transmission/reflection (TR) method in 7 and 14 mm diameter
coaxia air lines. Agreement within 5 percent was obtained for the measured
permeability datafor frequenciesbetween 50 and 100 MHz. However, consistent
with the findings of the earlier study, significant variability (15 percent) was found
to exist in the permittivity data, dueto air-gap effects.

Key Words: coaxid air line; dielectric properties, ferrites; intercompari son; magnetic
properties, materials, measurements; microwaves

1. INTRODUCTION

As part of amgor effort to assessthe nationa quality of RF electromagnetic propertiesof materials
measurements, the National Institute of Standardsand Technology (NIST) has organized a number
of nationa measurement intercomparisonsinvolvingindustry and government laboratories. For these,
it is obvioudy necessary to sdlect a well-known and standardized measurement technique that
potential participants are familiar with and for which they have ready accessto needed fixtures,
instrumentation, and operating software. The T/R method in coaxid air lines is a well-known
technique that has been implemented in many laboratories for the broadband characterization of
medium-to-highloss materiasin the RF-microwave spectrum. It has recently been documented as
a standardized measurement method by ASTM [1].

In this method, atoroidal sample of the material under test is precisely machined to the air lin€'s
dimensgonsand postionedinddetheline. Trangmission line scattering parameters, both reflected and
transmitted, are then measured over a broad frequency range, usualy by means of an automatic
network analyzer (ANA). Dataon the complex relative permittivity, €,”= €' - je," and permeability,
= p, - ju," arederived from measured scattering parameter data using variousavailable reduction
algorithms[3-6] (see section 3, below).



The coaxial air line method was selected by NIST for use in two separate measurement
intercomparisonsthat have been conducted over the past six years. In thefirst study, 11 participants,
including NIST, measured the complex permittivity of five different bulk low-loss dielectricswith €'
ranging from approximately 6.8 to 50. Thisstudy, which was completed in 1993 and has been
reported on by Vanzura et al. [2], was primarily intended to compare measurementsof €, the redl
part of €. However, participantswere also asked to measure theimaginary part, €,". The ready
availability of very accurate reference data obtained using the NIST 60 mm diameter cylindrical
cavity [6] at X-Band frequencies(7 tol1 GHz) wasthe primary reason that NIST selected low-loss
didectricsfor usein thisstudy. The cavity data provided a very accurate reference against which the
coaxia line data could be compared.

The dielectric study did not providea very satisfactory comparison of dielectriclossdata, €," [2, §
IV B] nor did it include any measurements of complex permeability. It is well known that
characterization methods based on transmission line measurementscannot satisfactorily measurethe
didlectriclossof low-lossmaterids( €," < 0.05) due to the low-Q characteristics of transmissionline
structures and resulting loss measurement insengtivity. Consequently, measured €, datafor the low-
loss didlectric sampleswere not very meaningful. NIST did includetwo medium-lossglass materidls,
with €," > 0.05, inthisstudy. Measurementsof thesedid, therefore, provide some more meaningful
comparisonsof €," data. However, one of these materials(No. 2, lead-oxide glass) proved to be
unreliable owing to problemsof inhomogeneity and sample-to-samplevariability. Such variability
isa problemin any measurement intercomparisonthat involves multiple samples of the same material.

Because of the inadequaciesin the first study, detailed above, NIST sought to organizeafollow-up
study involving both complex permesbility and permittivity measurements of some bulk
polycrystalline ferrites, using exactly the same measurement methodology. These materials, in their
demagnetized state, exhibit medium-to-high magnetic loss at frequencies below gyromagnetic
resonance, which for most ferrites isat nonrnicrowavefrequencieslessthan 1 GHz. In thisregion,
the coaxid ar-linetechniqueiswel suited to the characterization of ferrites, so such a measurement
intercomparison should produce more meaningful results. At microwavefrequencies above 1 GHz,
near or above gyromagnetic resonance, most demagnetized femtes exhibit only weak intrinsic
permeshility properties(y,' < 1) with correspondingly low magneticlosses. Because of thesefactors,
NIST deliberately tried to emphasize measurements at low frequencies. This is the reason that
participants who possessed a low-frequency ANA were requested to perform their measurements
over thefrequency range3 MHz to3 GHz. Thosewho did not havethistype of ANA available were
requested instead to perform measurements over the range 50 MHz to 10 GHz, using the more
commonly available high-frequency ANA.

The materidsused in thisstudy are summarized in Table 1. As in the earlier study, the composition
of the samples was not disclosed to the participantsuntil after the study was completed. For this
study, there were 10 participants who had also taken part in the dielectric study, plus 4 new
participants. NIST experiencewith dl of these materials has shown that significant variability can
exist from sample to sample, so a decision was made at the start of this study that only one kit,
containing 7 nm diameter samples, would be circulated amongst participants, rather than the three
usd inthe didectric study. Thirteen participants, who were anonymoudy coded by the letters” A"



Table 1. Compositions of intercomparison ferrites with nomind permeability and permittivity
propertiesas specified by their suppliers.

Material Composition My M € €"
1 Y ttrium iron garnet, 134 at 15£5%  0.003
M, = 142 kA/m 1 kHz
2 Nickel-zincferrite 800 at 77 at
(Manufacturer A) 1 MHz 1 Mz
3 Ferrite-loaded polymer 3.0a 0.39at 17 at 124
1 GHz 1 GHZ 1GHz 1 GHz
4 Lithiumferrite, 94 at 17+5%  0.0085
M; = 135kA/m 1kHz
5 Nicked-zincferrite 1.2at at 19at 8.2at
(Manufacturer B) 1 GHz 1 GHz 1 GHz 1GHZ

through™ P, took part in measuring the 7 mm Kit; usable data were obtained from 12 participants,
including NIST, and are intercompared in Section 4.

As the study progressed, it soon became apparent that having only one kit in circulation was
unnecessarily impeding the progressof the sudy. NIST aso happened to have available some 14 mm
diameter coaxid samplesin materids 1, 2, 3, and 5, which had been prepared for other investigations.
In an attempt to speed up the progress of the study, we decided to circulate an additional kit
containing these 14 mm samplesto afew select laboratories who have the capabilities to perform
measurementsin a 14 mm coaxid transmission line. A secondary objectivefor using 14 mm diameter
lines was to determine whether thisimproved measurement accuraciesat all. Five participants (A,
C, I, M, P) including NIST, took part in measuring the 14 mm kit, of which three (A, C, 1) dso
measured the 7 mm kit. However, some of these were unableto perform measurements because the
samplesdid not fit ingde their 14 mm coaxid air line thiswastrue.of dl samples for Participant | and
of samples3 and 5for Participant C. Detailsregarding the circulation of the two sample kits among
the participantsare given in Section 2.

Together with the sample kit, each participant received a cover letter of invitation plus measurement
guiddines giving recommended proceduresfor performing measurementsand reducing and reporting



data, along with a data sheet that participants were asked to fill out. The data sheet was used to
record information on the condition of the samplesreceived, ANA configuration, details of ANA
cdibration used, ar-line dimensions, laboratory environment, file names, and details of algorithm used
for data reduction, aswdl as sample dimensons and method of gap correction used, if any (see
Section 3B).

One of the key findings of the didectric intercomparison [2] is that much of the variability seenin
permittivity measurements can be attributed to whether or not participants corrected for the presence
of air gaps between sample and air-line conductors. Hence, during this study, we tried to make
participantsmore aware of thisimportant issue by bringing it to their attention in the invitation | etter
and by including updated NIST data on sampledimensionsin the participant data sheet (see Section
2). Participantswere urged to measurethe dimensionsof their air-linefixturesand to repeat those
for the samples, if possble, in order to develop their own air-gap estimatesand correct for these.
Many investigators, who usethe coaxid air-line method, have avoided the need for air gap correction
by usng conductivefillersin thear gap. Thisworkswel, particularly for high-permittivity materials.
However, because theintercomparison samplesare porous and because thefillerscontain emulsifiers
that will migrate into the pores, participants were requested to refiain fiom using such fillersduring
this study.

2. INTERCOMPARISONSAMPLES

Thefiveferritemateridssdected for usein thisstudy are well known to NIST and have already been
extensively characterized using varioustechniques. They are of possibleinterest to NIST as future
RF magnetic reference materials. These materialsare supplied in the form of tiles, bar stock, or
cylindrica dugs that have been pressed and fired by the femte supplier. The 7 mm and 14 mm
diameter toroidal sampleswere machined fiom these by a NIST subcontractor.

At the beginning of the study and after each round of measurementshy a participatinglaboratory, the
sampleswere carefully ingpected by NIST personndl, replaced or refaced if necessary, dimensiondly
remeasured and then recharacterized. Sample replacement or refacing was necessitated by breakage
and cumulative damage that occurred in these very brittle materials during the course of
measurementshy both participantsand NIST. Following thefifth round of 7 mm kit measurements,
both Samples 1 and 4 werefound to be broken. NIST was able to replace Sample 1, but had no
materid on hand from which to preparea replacementfor Sample 4. When we wereinformed by the
ferrite supplier that several weekslead time would be required to obtain a replacement material, we
decided to withdraw Sample4 from circulation. Similarly, following the fourth round of 14 mm kit
measurements, Sample 1 wasfound to be brokenand the kit withdrawn fiom circulation. All samples
inthe 7 mm kit were refaced after the sixth and eleventh rounds. Samples2 and 5 in the 14 mm kit
had to be refaced after thefirst round and Sample 3 wasrefaced after the third round.

NIST measurementsof samplelength and diameter were conducted at the NIST-Boulder |aboratory
using a coordinate measuring machine (CMM) of specified uncertainty £1.5 pm. Measurementsof




inner and outer diameter were conducted at positions spaced every millimeter along the sample axis
and an averageand standard deviation were computed. These data, were subsequently recorded on

the participant data sheets and furnished to participants.

Tables2aand 2b providedetailsof changes made in the samplesof both the 7 and 14 mm diameter
kits, including dimensiona changes, as well as which particular ssmpleswere measured by the various
participants. Asin the earlier study, participants are only identified by aletter code (A through P)
in order to preserve the anonymity of measured data. In column 2 of Table 2, a code isused for
sampleidentification; thefirs number denotesthe original or replaced femte materia, while the fina

letter denotes the original (1XXa) or refaced sample (1XXb, ¢, . . ., €tc.).

Table2a. NIST dimensiona datafor 7 mm diameter samples.

Mater-  Sample Measur ed by Length Inner Diameter (mm)  Outer Diameter (mm)
ial Code Participant: (mm)
1 1YG ADEFK 7.406 3.0505+£0.003 6.9930
2YGa J 10.360 3.0524 £ 0.002 6.9890 + 0.002
b AB,C,GH,I 8.900 3.0559 + 0.004 6.9897 £ 0.001
v ALN 8.170 3.0548 + 0.005 6.9904 £ 0.001
2 1FRa ADEFJK 7722  3.0725+0.012 6.991
b AB,C,GH,I 6.746 3.0756 £0.010 6.9859 £ 0.003
c ALN 6.607 3.0657+0.010 6.9884 + 0.002
3 1MFa AB,C,DEF, 12.710 3.0754 £ 0.015 6.9688 + 0.002
GHLJK
b ALLN 12.640 3.0754 £0.015 6.9862 £ 0.012
4 ILF ADEF 12.71 3.0780 = 0.009 6.991
5 1ZNa A,DEFJK 6.281 3.0540 + 0.004 6.992
b AB,C,GH,I 5621  3.0593 +0.005 6.9874 £ 0.002
c ALLN 5.614 3.0562 + 0.004 6.9888 + 0.001




TABLE 2b. NIST dimensona datafor 14 mm diameter samples.

Mater- Sample Measured by Length Inner Diameter (mm) Outer Diameter (mm)

ial Code Participant: (mm)

1 1YG ACIMP 6.931 6.2172 £ 0.0076 14.269 + 0.0035

2 1IFRa AM 7.052 6.2152 £ 0.0064 14.282 +£0.0021
b ACLP 6.571 6.2144 £ 0.0056 14.278 £ 0.0030

3 IMFa AJIM 12.800 6.2063 + 0.0034 14.282 + 0.0071
b AP 11.020 6.2081 + 0.0040 14.281 + 0.0041

5 1ZNa AM 6.638 6.1999 £ 0.0049 14.273 £ 0.0018
b ALP 3.647 6.2100 £ 0.0014 14.266 + 0.0035

3. MEASUREMENT METHODOLOGY

31 Data-Reduction Algorithms

The agorithm often used for deriving complex permittivity and permesbility parametersfrom the
measured S-parametersisthat based on the explicit solution of Nicolson and Ross[3] and Weir [4].
It has been incorporated in the software of a mgor commercid instrument supplier and iswidely
used. As pointed out in the supplier's descriptive literature [S], thisalgorithm generally performs
satisfactorily for medium- and high-loss materias, particularly ferrites.

One of the findings of the earlier didlectricintercomparison [2, § ITTA] isthat thisalgorithm does not
work well for low-lossdielectrics. Thisis becausethe Nicolson-Ross-Weir (NRW) solution isvery
sengtivetotheinevitable phase errorsin S-parameter measurementsthat arise whenever resonances
of the sample-under-test are approached. These instabilities are manifested as periodic off-scale
departuresor "drop-outs' in the permittivity versusfrequency plots. Thelower the dielectricloss of
themateria under test is, the greater the Q of the resonant systemisand the greater the magnitude
of the instabilitiesare. Iterative agorithms, such as the NIST-developed code EPSMU3 [6], are
better ableto handlelow-lossdielectrics. Datafrom the dielectricintercomparison [2] showed that
thosewho hed used aniteratively based codédl  but two participants) obtained more stable and more
accurateresults. For high-lossmaterids, such asferritesin the low-frequency regime, the resonances
arelargely damped out, so that theinstabilitiesare no longer as apparent.



3.2 Air-Gap Corrections

Asaready discussed, dr gapsbetweentheinner conductor and sampleinner diameter (inner gap) and
between sampleouter diameter and outer conductor (outer gap) must be dimensionally estimated and
corrected for. Thisrequiresdimensiona measurementsof the sample's inner and outer diameter, as
wdl astheinner and outer conductor diameter of the coaxid ar line. The required correction, which
increases significantly as material permittivity increases, is usudly determined using a static coaxial
capacitor model; this correction isincluded as an optional feature of the NIST software. In this
model, the gaps are assumed to be of uniform thickness and are represented by two concentric
capacitors in series [6, p. 111]. Because the dectric fidd intensity is greatest near the center
conductor, the correction for the inner gap is much greater than that for the outer gap.

4. DISCUSSION OF MEASUREMENTRESULTS

[ ntercomparison messurement resultsare shownin Figures 1 through 5, corresponding to each ferrite
material measured. Table 3 relatesthe plot symbolsused in Figures 1 through 5 with participant
codes; the figure in parentheses denotes measurementsof the 7 or 14 mm samplekit. Participants
N and P are not included in Table 3 because, although they took part in the measurements, they did
not submit ussbledata. Detailsof the reduction algorithm and method of air-gap correction used by
the participants are aso given in column 3 of Table 3 where EPSMU3 denotes use of the NIST-
developed iterative code [S]. The numbersfollowing, where provided, denote the version of the
NIST software used. In most cases, these were early versions, such as Version 1.1, which have
exhibited some problems of numerical implementation. Later versions of the NIST software (the
latest is Version 3.4) contain significant improvementsthat have overcomethe early problems. In
column 3, "internal" denotesuse of an internally developed code that is usualy proprietary to the
participant. 1n some cases, afew detailsof these codes were provided to NIST; they are generaly
based on the explicit NRW solution [3,4].

Column 4 gives details of whether or not participants applied an air-gap correction to their data.
Where participants used the NIST code, they applied the gap correction feature available in the
software. Corrections based on the same modd were also available in some, but not dl of the
internal codes. Gap widths were computed by participants usng either the sample dimensions
supplied by NIST aswedl astheir own coaxid line dimensions or sample and line measurements
performed by participants. The latter caseis denoted in Table 3 by "interna data."” With some
exceptions, most participantsprovided no detailsof how they performed dimensiona measurements.

4.1 ReferenceData

It isessentia to providethe reader with some accurate reference pointsfor these materias, against
which measured data can be compared. Thisis particularly important where significant variationin
the measured dataisapparent. Such dataneed to have been generated using atechniquethat is more



accuratethan the coaxid air line method usad in thisstudy. |n contrast to the earlier permittivity-only
intercomparison Sudy [2], where accurate X-band comparison data obtained using the NIST 60 rrm
diameter cylindrica cavity [ 7] wereavalablefor the low-loss didectricsused in that study, it has not
been graightforward to compile needed reference data for these materids. Thisis because avariety

Table3. Key rdaing datasymba used to participant codes, plus details of data-reduction agorithms
and gap correction usd (if any).

Participant Symbol Algorithm Type  Air-Gap Estimation and Correction
Code
A —— EPSMU3 CMM measurements, gap corrected
A (14) —v— EPSMU3 CMM measurements, gap corrected
B (7) -0~ EPSMU3A Internal data,.gap corrected
Cc) —o— EPSMU3, 1.1 Used NIST data, gap corrected
C (14) —— EPSMU3,1.1  Usad NIST data, gap corrected
D (7) —— Int. (INRW) Not gap corrected
E() -0 Internd Not gap corrected
F () —O— Int. (INRW) CMM measurements, gap corrected
G(7) —— EPSMU3 Internal data, insidegap
corrected only
H (7) - EPSMU3, 1.1 Used NIST data, gap corrected
1(7) - Int. (NRW) Internal data, gap corrected
I —— Int. (NRW) Internal data, gap corrected
& EPSMU3
K() —— Internal Inner dia. estimated with gauge pins,
ingde gap corrected only
L (7) —= Int. (NRW) Not gap corrected
M (14) —— Internal No gap correction, used slver
paste
Reference X Permeameter
Data § Other

(seedl)




of aternatetechniquesare needed to derivethe required reference permeability and permittivity data
over the very broad 1 MHz to 10 GHz fiequency range used in thisstudy. These are reviewed below.

At the lowest frequencies, 0.3 t0100 MHz, p,” and €,” measurementsare usually made using some
type of impedancemeasuring technique involving an inductance-resi stancemeasurement from which
the complex permeshility of magnetic materialsisderived or a capacitance-conductance measurement
from which the complex permittivity of dielectric materidsisderived [8]. Though modem impedance
analyzers work satisfactorily up to frequencies greater than 1 GHz, their application in accurate
materid measurementsappearslimited to lessthan 300 MHz. In two very smilar methods, termed
the permeameter [9] and permittimeter [10], a toroidal sampleof the material under test is mounted
inside the identical 7 or 14 mm diameter coaxial air linesused in thisstudy. This means that the
actual intercomparison samples can be conveniently measured in thisway. NIST obtained some
useful low fiequency u,” referencedataon Materials 2, 3, and 5 using the permeameter method. We
did not attempt to use the permittimeter method for deriving low fiequency €, reference data,
becauseit isvery proneto air gap-errors.

Accurate measurements of both complex permeability and permittivity can be redized in the mid-
fiequency region, 50to 1000 MHz, usng the coaxid re-entrant cavity method [11]. For permeability
measurements, a toroidal sample of ferriteis placed at the end of the cavity [12]. However, wewere
unable to perform any permeability measurementsusing this method, becauseinsufficient material was
availableto fabricatethe large toroid needed for such measurements. Using the re-entrant cavity
method, in which adisc sampleof theferrite under test is placed in the center conductor gap, we were
ableto obtain asingle-frequency €,” referencedata point for Materials 2, 3, and 5, which isaccurate
towithin£2 percent. For these measurements, the upper and lower faces of the samplewere coated
with silver pastein order to reducethe air gap errors.

Another useful technique for mid-frequency permeability measurements is the ar-filled stripline
resonator method [13]. Because the method relieson small-perturbationtheory for computation of
B, and € [14], it is not considered as accurate as the re-entrant cavity method and is not
recommended for permittivity measurements. During the past fiveyears, NIST has evaluated this
technique and hasused it for characterizing ferrites, including Materials3 and 5 [13].

For the microwave region, 1 to 10 GHz, the most accurate and most sensitive method for
characterizing demagnetized ferrites is the dielectric-post resonator (or "Courtney") method [15], in
which arod of theferriteunder test is resonated in the H,; mode between two parale conducting
plates. NIST has obtained extensivey,” dataon avariety of ferrites, including Materid 1, over the
range 2 to 20 GHz, using a variation of thistechnique [16]. Accurate characterizationof ferrite
permittivity in thisfrequency range requiresthat measurementsbe performed in the presence of a
large (minimum 1200 kA/m) magnetic biasing field, as discussed by Courtney [15]. Data on the
complex permittivity propertiesof anumber of garnetsare givenin Courtney's paper [15, TablesIV,



V] and have been included in Figure 1e for Material 1. NIST is currently fabricating a fixture
specificaly designed to measure the microwave diel ectric propertiesof ferrites.

4.2 Complex Permeability Data

Measured data on relative permesbility, p,' are presented in Figures |a through 5a for dl five
materidsusng linear-log scalesand in Figures |b, 2b, and 5b for Materials1, 2, and 5 using log-log
scaes. Logarithmic scalesalow for permeability data to be displayed over the full amplituderange
of 0.01 < p,' < 1000 that the transmission line technique is capable of resolving. However, because
of logarithmic scale compression, these messurement data may appear to agree better than they really
do. Smilaly, measured data on magneticloss, p," are presented in Figures | ¢ through Sc using
linear-log scdesand in Figures 1d, 2d, and 5d using log-log scales. For Materials2, 3, 4, and 5 the
meesured p,” data generally agree within £5% of meen for frequenciesbetween 50 and 1000 MHz,
but much increased variability (up to £20% or more of mean) isseen in boththe p,' and p," dataas
frequency is reduced below 50 MHz, particularly for Material 2. An uncertainty analyss performed
by NIST for the transmission line method [6, §2.5], showsthat the measurement accuracy for both
p, and €, degrades rapidly when the normalized samplelength, L/A, < 0.2, dueto theinability to
resolve amdl phase differences. This is therefore consistent with the increased measurement
variability seen below 50 MHz. For Materia 1 (Y1G), dgnificantly greater variability (£25% of
mean) isseen inthey,” data(see Figures | athrough 1d) throughout the 0.003 to 1 GHz spectrum.
The reasonsfor this are not clear, but may be caused by a well-known temperature sengitivity in
YIGs.

Thelow-frequency y,” comparison data, obtained using the permeameter method [9] areincluded in
Figures 2athrough 2d, 3a,c, and 5athrough 5d; the uncertainty of these measurementsis estimated
tobex1.5%. With the exception of Figure 2c, Participant A agreed very closdly with these data. For
Participants D and M, who werethe only othersto also attempt measurementsbelow 50 MHz, the
agreement with the comparison data was generaly not as good.

Sdected mid-frequency p,” comparison data, obtained using the stripline resonator method [13], are
also included with error boundsin Figures 2athrough 2d, 3a,c and 5athrough 5d. The agreement
for Maerid Sisvery closefor dl participants, whereasthat for Materia 3 isnot asgood. The only
applicable microwave comparison data available[15] are for Materia 1 (Y1G) and are shown in
Figures|b and 1d.

In generd, it isseenthat most measured i, data lie within the error bounds of the comparison data,
thereby providing confidencein the validity of the participants measured permeability data usng the
coaxid air line method.



4.3 Complex Permittivity Data

Messured dataon relative permittivity €, are presented in Figures | e through 5efor dl five materials
usng linear-log scales. These data show that there isgenerally more variability in the €' data (15
% about the mean) than in the p,' data. Comparison €, data, obtained using the coaxial re-entrant
cavity method [11] at about 500 MHz, are shown with error bounds(£2%) in Figures2e, 3e, and 5e
and it is seen that most of the measured data lie well below these referencelevels. However, some
of the parti cipantsobtaned comparable results; the datafor Participant A consistently lay withinthe
error bounds of these comparison measurementsfor Materials 2, 3, and 5. Smilarly, the data of
Participant M agreed withinthese limitsfor Materials3 and 5 and was only dightly low for Material
2. Thedataof ParticipantsC, F, H, and | also agreed within the error bounds of the comparison
data, but for only one material.

The only comparison €,' data availablefor Materia 1 are shown on Figure 1e at about 6 GHz. It is
obviously impossible to draw any meaningful comparisons with measured data at this fiequency.
However, because of itsvery low dielectricloss properties, Materia 1 (YIG) exhibitsan amost
constant €,' value with fiequency. Hence, it can be reasonably assumed that the comparison value
for thisMaterid liesinthe rangee, = 15.7t0 15.9throughout the fiequency range measured. Figure
| e showsthat the measured data of ParticipantsA and H approach the closest to thislevd.

Reference to Table 3 showsthat ParticipantsA, C, F, H, and |, discussed above, included air-gap
corrections, usng either their own internally generated dimensiond data or the NIST-provided data.
Participant M was unaware of NIST instructions not to use any conductivefillersand used a silver
paste asa gap-correctiontechnique. This further confirmsone of the principa findingsof the earlier
dielectrics-only study [2], that air-gap correction is essential for accurate complex permittivity
measurementsusing the coaxid air line method.

Participants, A, C, and M who used the 14 mm diameter coaxia air line appeared to obtain €' data
that were cons stently more accurate than those obtained using 7 mm diameter lines. Thistherefore
suggeststhat use of the larger diameter 14 mm coaxid lineyields somewhat more accurate €,' data.
Thisis consistent with earlier findingsthat the influence of the air gap is proportionally reduced in
larger-diameter air lines[6].

Messured dataon dielectricloss €," are Smilarly presented in Figures 1f through 5f. For Materials
2 and 3, which possessmeasurable didectricloss, the varigbility in measured diglectric loss, €," is seen
in Figures 2f and 3f to be large, approaching+50% or more about the mean at 100 MHz. For the
remaning Materids|1, 4, and 5, which are dl low-lossdielectrics, the €," data are seen in Figures 1f,
4f, and 5f to be meaningless. Thisagain confirmswhat waslearned in the earlier permittivity-only
study [2], that the transmission line technique does not have sufficient measurement sensitivity to
characterize low-lossdielectricsaccurately.

Andysisof both the p,” and €,” data showsthat either type of reduction algorithm (see Section 3.1)
appeared to work equally well when measuring these materialsat nonrnicrowave frequencies, less



than 1 GHz. The sudden datadrop-outsseenin Figures2b, 2d, 3a, 3¢, 3d, 5a, and 5S¢ show evidence
that the data-reduction algorithmsused by ParticipantsD, L, and M lost the correct root during the
reduction process. All three used sometype of internaly developed agorithmfor which few details
areknown. In mog of the plots, thereisalso much evidenceof algorithm instabilitiesaround 10 GHz
(for Materia 1, thesebegin at about 6 GHz). Theseinstabilities are most apparent for Materials1
and 5, which possessrdaively low didectricloss. Such instabilities are attributed to TEM mode and
higher-order mode resonances, that are no longer damped out by the high magnetic losses which
exigt a the lower frequencies, and are apparent for both type of algorithms.

5. CONCLUSIONS

Thisstudy has demonstrated that the coaxid ar linetechnique very accurately measures the complex
permeability properties of ferrites at frequencies above 50 MHz, but below the frequency of
gyromagnetic resonancefor theferrite. For this specific application, the study demonstrated that dl
participantswere able to obtain very accurate resultsusing it, 0 it remainsthe preferred measurement
method and is considered superior to any other. For the critical low-frequency region, below 50
MHz, wherefemtes exhibit very significant magnetic propertieswith p,' > 300, the method rapidly
losesaccuracy dueto itsinability to resolve smdl phase differences. In thisregion, the permearneter
technique [9] provides more accurate results and is preferred.  For the microwave region, at
frequencies equal to or above gyromagnetic resonance, the method is still remarkably capable of
resolving valuesof 1, and p," down to gpproximatdy 0.01. However, dueto its obvioudy inadequate
measurement sensitivity, other measurement techniques such asthe dielectric post resonator [16] are
preferred for thisfrequency region.

The study dso further confirmed thefindingsof the earlier NIST study [2] that use of the coaxia ar
linetechniquefor performing broadband complex permittivity measurementsof dielectricsremains
problematic. Thear gap remainsamgor sourceof error for €, measurementsand most participants
were unableto adequately correct for it, despite our best effortsto alert them to the importance of
this issue. Furthermore, the technique cannot satisfactorily resolve the dielectric loss of low-loss
materids, incduding many fenites, due to its inadegquate measurement senditivity. For measurements
above about 300 MHz, other resonator-type methods, such asthe coaxial re-entrant cavity [11] or
the dielectric rod resonator [15-17], provide much greater accuracy and senditivity and are much
preferred. Whilethese methodsare not broadband, they are nonethel esscapable of providing multiple
frequency data using a variety of different methods, such as cavity tuning and operation in different
resonator modes.

For low frequenciesin the range 3 to 300 MHz, the permittimeter technique[10] providesthe best
accuracy and sengtivity for low-loss diglectrics, provided that air-gap corrections are properly
applied. When correctly used, the coaxial air line method works satisfactorily for medium-to-high
loss materidsat frequencies above 3 MHz. Thisstudy provided limited evidencethat larger diameter
(14, 77.5, and 155 mm) coaxia structuresat these frequenciesresult in somewhat more accurate
measurementsof €,



Some of theinternaly developed reduction agorithms appeared to exhibit difficultiesin staying on
the correct root. The reasonsfor this are unclear. Both types of reduction algorithms used by
participants, which are based either on the explicit NRW solution or the implicit iterative technique,
generally appeared to work equally wdl for these materids.
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