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On RF Material Characterization In
the Stripline Cavity

Claude M. Wei] Fellow, IEEE Chriss A. Jones, Yehuda Kantor, and John H. Grosvenor, Jr.

Abstract—\We examine the accuracy of the air-filled stripline and magnetic losses. The method has been widely implemented
cavity in measuring the dielectric and magnetic properties of bulk jn U.S. industrial and government laboratories, and stripline
materials in the frequency range of 150-2000 MHz. Measured ity fixtures are commercially available from a U.S. manu-

data on complex permittivity and permeability for several dif- . . -
ferent-sized specimens of dielectric and magnetic materials were facturer in both untunable (fixed length) and tunable (variable

compared with reference values obtained using other techniques l€ngth) versions [6].
of known uncertainties. Major differences were noted for both When compared to other techniques, the stripline cavity pos-

complex permittivity and permeability data, and we largely sesses some significant advantages and disadvantages. One of
attribute these to less-than-optimal perturbation of the internal its major advantages is that, in contrast to most other resonator

cavity fields by the material specimens under test. The technique techni th it ble of multif i
is particularly unsuited to measuring the dielectric loss of the echniques, the LINILIS capadie of multireqUency operation over

higher-permittivity low-loss materials due to energy scatter by the & Wide frequency range, using up to ten or more harmonics of the
specimen under test. In order to improve measurement accuracy, unit’s fundamental resonance. Another advantage is that the res-

we suggest guidelines on the range of specimen electric andonator has a uniaxial or very nearly uniaxial field structure. This

magnetic volume needed for optimal cavity perturbation. allows for measurements of anisotropic materials by orienting
Index Terms—Cavity, dielectric, ferrite, loss factor, magnetic, the specimen under test either parallel or normal toAher

materials, measurements, permeability, permittivity, radio fre-  H-fields of the resonator. Such measurements are not possible

quency, resonator, stripline. in the coaxial air line, due to its radial field configuration. Other
advantages include the capability to measure small samples of
l. INTRODUCTION high-loss magnetic films, as well as the reduced cost of spec-

UChined toroid), as discussed by Waldron [1]. In addition, speci-

. . . imen preparation (rectangular shape versus very accurately ma-
T ECHNIQUES for measuring the dielectric and magneti prep ( d P y y
properties of bulk materials at RF/microwave frequenuzﬁns under test can be readily introduced through the open sides

can generally be divided into two basic categories: broad-ba the structure. The most significant disadvantage is that the

transmission-line methods, such as the coaxial air line te ethod is incapable of satisfactorily resolving the highly disper-

hique, for medium- to high-loss mater_|als, and h@maV|ty sive (frequency-dependent) permeability properties of ferrites in
resonator methods for low-loss materials. Many different res- o

onator techniques are available, but few of these can operate,
the critical VHF/UHF (30-3000 MHz) frequency range of th%I
electromagnetic spectrum due to the very large physical sizenq

such structures. One of the resonator t_ec.hnlques.s c.apable. Oft?l%’derivation of material parameters. Since such techniques are
erating in this frequency range is the air-filled stripline cavity.

C 2 . . . nown to be very susceptible to measurement error, this consti-
Historically, this technique was developed in the early 1960% y Suscep
by Wald d M Il 111141 t th b'I'tt tes another potential disadvantage.

y Waldron and Maxwell [1]-{4] to measure the permeability A stripline cavity fixture was designed and fabricated at

of demagnetized fgrritesinthis frequency range. At freqqenciﬁ% National Institute of Standards and Technology (NIST),
bgl_ow gyromagnetlp resonance (1._1000 MHZ)’ mpstferntes el%(éulder, CO [7] for purposes of assessing the quality of this
hibit strong magnetic pr_opert_|es with medium-to h'gh'magnetg‘ieasurement technique as well as to provide NIST with a capa-
I(;)ss ];aCtO(;i' Thf t]?chr;|qued|s one of i?lﬁss IOf cavity Teth? fity for participating in a NIST-organized intercomparison of
be;/_e the oufr othlve(zj e_cat_es afgtoh, w 'Ct r_elyon sma; “Per Lért'ripline cavity measurements [8]. We report here on complex
a |on5 egry or he er'vﬁl lon of the materia pgramde Ers (S‘j) rmittivity and permeability measurements of several different
€.g., [5]). Due to the small specimen sizes used and the co hfaterials. We compare these measurement data with reference

spondingly low cavity filling factors that result, these methOdéata obtained using other techniques, primarily the coaxial air

work well for materials that possess a wide range of dlelectrm:le method [9], and summarize the differences seen in the

data. In this study, we attempted to address three significant

. . guestions. First—is the method’s reliance on small-perturbation
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Fig. 2. Usual placement of magnetic specimen for measurement of the
x-component of complex permeability (corresponds to Waldron’s Case 3 [1]).

Fig. 1. Stripline cavity showing required specimen locations for measuremd#t™ = 4’ — jj«”") are conducted by placing the specimen under
of complex permittivity (axial mid-point) and complex permeability (adjacentest at an axiak-field node, located at the structure’s end plates
to end plate). (see Fig. 1). The manner in which permeability measurements

for ferrite specimens are usually conducted is illustrated in
If it is more prone than comparable techniques, then this cleafiipre detail in Fig. 2 (see [1, Case 3]). When the material
constitutes a further disadvantage. is magnetically anisotropic, other specimen orientations are
used, in order to measure the other two components of the
permeability tensor (see [7, Cases 1 and 2]). The finite sample
width that straddles the field nodes during measurements is a
A. General Description cause of small, but not significant error.

The stripline cavity is illustrated in Fig. 1. It consists of ) o ]
a center-strip conductor mounted equidistantly between tffo Design and Fabrication of the NIST Fixtures
ground planes and terminated by two end plates. Generally, th&'he dimensional design of the stripline cross section criti-
end plates are permanently attached to the ground planes, tieadly affects the accuracy with which materials can be charac-
the resonator is of fixed length and untunable. In a few caséstized, particularly for dielectric materials. The design needs to
tunability is achieved by including a capability to adjust thbe one in which the electric and magnetic fields are as uniform as
axial position of one end plate. Such an advantage is gaingassible within the specimens under test. Maximizing the ratio
at the cost of greatly increased mechanical complexity amg/t (see Fig. 1) leads to minimdl’- and H-field nonunifor-
potential electrical contact problems that can lead to reduceity. However, this also increases the conductor losses, which
cavity quality ) factor. results in a lower resonat@p-factor. This, in turn, reduces the

A propagating TEM mode is excited within the striplindixture’s sensitivity for measuring dielectric and magnetic loss
structure using either coupling loops mounted in one of thHactors of low-loss materials. Since these criteria clearly work in
end plates or a monopole probe mounted in the ground plamgposition, a compromise must be chosen between the require-
and adjustable in axial position. The first or fundamentahents of good field uniformity and adequate quality factor.
resonance is achieved when the resonator length corresponds Waldron [1], [3] predicted the electromagnetic fields within
a half-guide wavelength of the exciting frequency. Additionahe stripline geometry by transforming the known fields of
resonances will occur at harmonic frequencies of the funda-parallel-plate structure to this structure using the modified
mental, assuming that the length remains unchanged. Two-pg8chwartz—Christoffel transformation. He developed three basic
resonators, containing two coupling loops or monopole probespressions that define the critical cross-sectional dimensions
mounted on both sides of the center strip, allow for transmissiént, andw in terms of two dimensionless parameters> 1
factor measurements, which usually provide for more accurateds < 1 relating to theZ-field uniformity between the center
cavity modal parameter measurements than does a one-gtiip and ground planes. The closer the parameiesnd 3
resonator. The Waldron perturbation theory [1] dictates thapproach one, the more uniform thkfield becomes. Waldron
the dielectric parameters are derivable only when the mdgd] also included two design plots showing the variatiors Gf
netic-field (H-field) intensity is zero and that, similarly, theand w/b versuse — 1 for different values of the parameter
magnetic parameters are derivable only when the electric-field =" 3, ranging from 75 to 8%; loci curves of constant
(E-field) intensity is zero. Consequently, complex dielectrinonuniformity error are also included in these plots. Jones [7]
permittivity (* = &’ — j<"”) measurements are performed byas recently reviewed these equations and design plots, and
placing the specimen at an axiéHfield node of the resonator. they are not repeated here.
For the case of fundamental and odd-harmonic resonanceslhe length of our fixture was selectedigs= 1 m (39.37 in),
the H-field node occurs at the axial midpoint of the structurgiving a fundamental resonance of approximately 150 MHz
(see Fig. 1). For even-harmonic resonances, the test specimih harmonic resonances spaced at 150-MHz increments
needs to be axially moved to a neid-field node location. above the fundamental. The resonator's upper frequency
Similarly, measurements of the complex magnetic permeabilitynit is defined by the frequency at which the first higher

Il. EXPERIMENTAL METHODOLOGY
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order TE;3 mode begins to propagate in the stripline. Falesonator plus specimen, relative to that of the empty resonator
the open-sided structure, this occurs when the ground plafie Likewise, the imaginary parts’ and ! are derived from
separatior2b = A\/2, assuming lossless conductors. We choske change in the measured reson&lefactor for the resonator
avalue of2b = 76.2 mm (3 in) for the ground plane separationplus specimerg}; relative to that for the empty resonatQy,.
giving a theoretical upper frequency limit of 1970 MHz. InAlmost all data on complex permittivity and permeability were
setting our cross-sectional dimensions for the line, we choderived using Waldron’s small perturbation theory [1].

a compromise goal of 0.5% for the field nonuniformity error. 1) Permittivity MeasurementsFor dielectric-property mea-
Using the Waldron design plots, we chasdo be 1.0067 and surements, the rectangular specimen under test needs to have a
sin™! 3 to be 85.6. The ratiow/b was then read off as 1.333width along they-axis (see Fig. 1) that covers the full distance
and the ratiot/b as 0.167. The remaining design parametetst between center strip and ground plane in order to minimize
were then computed as follows: center strip wilth = 101.6  dielectric depolarization errors. The slab is located in the region
mm (4 in), center strip thicknesg = 12.7 mm (0.5 in). of maximum and uniaxiak-field, specifically at the midpoint,

We constructed two fixtures, each having the same cross-sec= 0, of the center strip, and with the smallest dimension ori-
tional dimensions and length, but of different ground planented along the-axis in order to minimize th&'-field nonuni-
widths and thicknesses. These were vertically suspendedfarmity across the specimen. In order to avoid potential mea-
a steel frame in order to ensure that the structure was sotrement error caused by the need to relocate the specimen to
distorted by gravity. Using the criterion suggested by Collidifferent axial positions, we kept the dielectric specimens at the
[10], that the ground-plane width be three times the separatiaxial mid-point of the cavity and conducted measurements at
in order to keep leakage of RF energy through the open sidhe fundamental and odd-harmonic resonances only.
to a practical minimum, we chose the ground plane dimensionsDuring permittivity measurements, we discovered empiri-
for the first unit to be 305-mm (12 in) wide and 6.35-mntally that scattered energy losses could be reduced considerably
(0.25 in) thick. However, during permittivity measurementd)y mounting identical specimens of the same material under
we noted that placing a conductive object at the open sideste$t on both sides of the center strip (i.e., symmetrically loading
the cavity significantly affected the measured cavipfactor, the cavity). Most of the complex permittivity data, given in
particularly at the higher frequencies. We attributed this effettte following section, were derived in this way, based on the
to energy scattered by the sample under test. This unit aBssumption that measured valuesfdf and 1/ — 1/Qq
lacked sufficient structural rigidity, resulting in potential los@re double what they would be for a single specimen; i.e.,
of parallelism. In efforts to resolve both these problems, w&fs = 2Afy where the subscripts denote symmetric and
constructed a second fixture with wider 635-mm (25 in) anghsymmetric loading, respectively.
thicker 12.7-mm (0.5 in) ground planes. In order to keep theIn deriving his small perturbation theory for permittivity,
structural weight within practical limits, the second unit wasValdron [1] chose a thin rectangular slab for his specimen
constructed of MIC6 aluminum, as opposed to the OFHshape, with dimensions as follows (see Fig. 2j: in the
copper used in the first. During assembly of both units, &direction,b—¢ in the y-direction, and2/; in the z-direction.
conductive paste was applied to all fixture joints in order tdlthough somewhat confusing, Waldron’s original symbols
improve the electrical continuity of the structure. are retained in this paper in order to simplify the application

Small diameter loops mounted in the end plates (see Fig. &) Waldron’s perturbation formulas. Using Waldron’s equation
which couple into the TEM mode magnetic fields, were usdd, eq. (55)] (there appear to be errors in this), we derived the
to excite the cavity, rather than the monopole probes used flojlowing expressions fos” ande!.:

Waldron and Maxwell [1], [2].

Af bl
f=14+ 5 (12)
C. Material Measurement Techniques 0 e
Before attempting any material measurements, we charac-
terized the empty resonator by measuring its loafefdctor. y 1 1 bl
These data were compared to theoretical predictions (see Sec- & = Qr Qo) 44yl (1b)

tion 111).

For this study, we selected six separate materials that arkerel, is the cavity lengths is the half of the ground plane
commercially available from the U.S. electronics materialeparation, anel is the geometrical factor given by
industry. The properties of these materials have been ex-
tensively measured at NIST. They included two dielectrics, T a2 + 32
cross-linked polystyrene (CPS) and alumina plus four fer- A= 2(a + B)K(1/a) Va1 )

67 67 67

rites, a ferrite-loaded polymer (FLP), a nickel ferrite (Ni), a
nickel-zinc ferrite (Ni—Zn), and an yttrium—iron garnet (YIG).The parameters and 3 are defined by the resonator dimen-
We measured both dielectric and magnetic properties of thiens, as discussed above in Section II-B [1], &1d /«) is the
FLP and YIG. As in all material characterization measuremecbmplete elliptic integral of the first kind with modulug .
performed in a cavity resonator, the real paftsand ;..., of Due to the well-known limitations of small-perturbation
the complex permittivity and permeability are derived frontheory, we also briefly investigated the application of a
measurements of the shiff f in resonant frequency for thecommercially available finite-element code to the problem
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TABLE |
PHYSICAL DIMENSIONS AND RANGE OF ELECTRICAL VOLUME FOR SPECIMENSUSED IN COMPLEX PERMITTIVITY MEASUREMENTS

Spec. Material 2y b-1 2, Electrical Dielectric
No. mm mm mm Volume, Depolarization
Ay(6-0)1 A’ Correction
x 10 €' €,
1§ CPS 6.353 31.752 12.74% 1.3 to 2900 +0.001
20 12.729 32.108 25.4 52to 11 706
38 Alumina 3.167 31.761 6.378 2.4 105100 +0.06
4U 3.174 32.126 12.71 4.8t010303
sS FLP 3.131 31.755 6.356 5.1to 10 700 +0.17
6U 3.172 31.471 12.71 10.2to 21 483
78 YIG 3.185 31.752 6.356 5to 11 000 +0.17

of the stripline cavity containing a dielectric sample [11]tion, andl; in thez-direction. Using Waldron’s equation [1, eq.
In this very preliminary numerical study, one-quarter of th€0)], we derived the following expressions f@r and.:
cavity-plus-sample was modeled using perfect electric and , Af b(b—t)

magnetic conductive boundaries at the planes of symmetry. =1+ % ’ W (3a)
Using an assumed. value for the dielectric sample, the inside

volume was subdivided into about 6700 hexahedrons. The code 1 1 b(b— 1)l

then predicted the resonant frequency shiff, which was p = <_ — _> AT TR0 (3b)
compared to the measured value. An “inverse” code, capable of Qr Qo 2Bysl

predictinge;. values from measured f values for this cavity, \\hereB is also a geometrical factor given by

was not available to us. A 3
Table | lists the various specimens used in the complex per- B==— <1 + —) . (4)
(87

mittivity measurementsS or U, shown next to the specimen ) ) 2 ) )
number in column 1, designates whether the measurement inJable Il lists the various specimens used in the complex
volved symmetrical or unsymmetrical loading of the cavity. IRérmeability measurements. Since we were again interested
order to study the influence of size on measurement accurdfystudying the influence of size on measurement accuracy,
two different sized specimens of CPS, alumina, and FLP w0 different-sized specimens of FLP were used. Specimen
used. Specimen dimensions are listed in the following thréémensions are listed in Columns 3-5. Column 6 similarly lists
columns; for the case of symmetrical loading, the data givéi€ range of the specimen’s magnetic volupel /A* fromiits
represent an average of the two samples measured. ColunfRiBimum value at 150 MHz to its maximum value (For Ni-Zn
lists the range of the specimen’s electric volutgéh —t)I; /A3, and YIG, the peak magnetic voI_ume_occurs at frequencies
where) is the wavelength within the material under test, for th@uch below 1950 MHz and are given in Column 6.) The last
lowest to highest frequency. These data relate to how much ffdumn of Table Il lists the demagnetization correctidnThis
specimen perturbs the cavity fields and are discussed furthetSi@lso discussed further in the following subsection.
Section IV. The last column of Table I lists the dielectric depo- ) ) o
larization correction ine’ caused by the presence of air gapL- Dielectric and Magnetic Depolarization Errors
This is further discussed in Section II-D. Air gaps are frequently a major source of error in material
2) Permeability Measurementd=or magnetic characteriza-property measurements. Depolarization errors occur whenever
tion, measurements were only performed as shown in Fig.&normal component of thE- or H-field exists at the air—ma-
corresponding to Waldron’s Case 3 [1]. For these measuterial interface. Since the normal component of electric or mag-
ments, the need to ensure minimAl-field nonuniformity netic flux density must be continuous at the air—-material inter-
across the specimen and the critical need to minimize tfaxe, a discontinuity in the normal- or H-fields results owing
magnetic depolarization error dictates use of long and thio the differences ie* and p* for the material and air. The
rectangular specimen shapes. The single specimen is locateksulting depolarization error always causes measured permit-
a region of maximum and uniaxi#l -fields; i.e., on the center tivity or permeability data to be biased lower than actual values
strip and flush against the cavity end plate. This allows f@nd can usually be corrected for by using models, some of which
measurements at both the odd- and even-harmonic resonanaes simple and others more sophisticated. The depolarization
Energy leakage was generally not a problem during magnepimblem exists for both dielectric and magnetic measurements
measurements so that only unbalanced measurements vietle stripline resonator.
performed. For dielectric measurements, there exist small, but finite
In deriving his small-perturbation theory for permeabilityair gaps between both— specimen faces and the lower and
Waldron [1] again chose a thin rectangular slab with dimensionpper conductors (see Fig. 1). This creates a discontinuity in
as follows (see Fig. 2Ry in the z-direction, s in the y-direc- the normaly-directed component of thB-field. The computed
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TABLE I
PHYSICAL DIMENSIONS AND RANGE OF MAGNETIC VOLUME FOR SPECIMENSUSED IN COMPLEX PERMEABILITY MEASUREMENTS

Spec. Material 2y, mm s, mm /,, mm Magnetic Demag-
No. Volume, netization
2ysl/° Correction, D
x 10°®
8 FLP 38.123 3.119 6.302 0.86 to 1200 0.06611
9 70.129 3.185 9.990 2.57t0 3573 0.03752
10 Ni Ferrite 50.848 1.601 3.206 0.23 to 160 0.01655
11 Ni-Zn Ferrite  42.470 1.030 4.000 1.74t0 7.5 0.01715
(at 1050 MHz)
12 YIG 50.900 1.597 3.193 231t0 108 0.01644
(at 600 MHz)

dielectric depolarization correction, listed in the last column aff 10—40, approximate solutions to (7) can be obtained using
Table I, was derived using a simple frequency-independent colassical expressions derived by Stoner [15]. However, we were
rection model. This consists of three parallel-plate capacitorsable to derive more accurate values for (7) based on the spec-
series, following the model developed by Baker—Jarvis for thmen dimensions used, by means of a well-known mathemat-
coaxial air line geometry (see [9, pp. 101-103]); fringing fieldeal package [16]. The values &1 are listed in the last column
were ignored. The corrected value of relative permittivity (realf Table Il. Equation (6) was separated into real and imaginary

part)e’, is related to measured valeg, as follows: components, which allowed for boH. and!’ to be indepen-
dently corrected. Although the valuesibfare small, the correc-
Em [(b —t) - 29} tion significantly increases measured permeability values and
€c = “(b—t) —2ge ®) was greatest for the Ni—Zn ferrite and the YIG, which exhibit

o ) . ) . substantial permeability values at the lowest measurement fre-
whereb and¢ are cavity dimensions, defined earlier, an&  quency; namely, 150 MHz. The correction increased measured
the air-gap dimension, assuming identical gaps above and belpyes for the YIG at 150 MHz by +3.52 (+25.1%) and +7.27

the specimen of 0.025 mm (0.1 mil). The corrections shown {33 894) for the nickel-zinc ferrite. These corrections clearly
Table | are based on measured permittivify data obtained -znnot be ignored.

in the cavity and are seen to range from an insignificant +0.001
(0.04%) for CPS{!,, = 2.5) to +0.17 (1.1%) for the two ferrites Il. M EASUREMENT RESULTS
listed €/, = 15.8 for both). _

Magnetic depolarization will occur in any TEM mode” @-Factor of Empty Cavity
structure, where the material specimen under test does noData on the measured and predicted loa@efactor versus
completely surround the inner conductor [2], [12]-[14]. For thzequency for the NIST cavity (copper version) are shown in
stripline cavity, a serious discontinuity in the normatlirected Fig. 3; measured values range from approximately 4000 at fun-
component of théf -field clearly exists at the twg—z end faces damental resonance to approximately 12 000 at the upper fre-
of the specimen. This effect can be minimized by reducirguency limit. Since the coupling factor for the small excitation
the cross-sectional area of the specimen end faces as mucloags is of the order of abot26 dB at 150 MHz, the theoretical
practical. Itis also essential to apply a depolarization correctitwaded and unloade@-factors may be assumed to be identical.
to measured data. Waldron and Maxwell [12] first recognizethe large differences seen in Fig. 3 between measured and pre-
the need for this correction. Musal [13] subsequently derived ditted data can be accounted for by energy losses due to finite
expression giving the corrected value of complex permeabiliBF metal conductivity plus leakage from the open sides of the
ws in terms of a measured valyg®, and a dimensionless unperturbed cavity, which were not accounted for. Only the dif-

parameter termed the “demagnetization factor” ference in measure@-factors is used in deriving material loss
. factors values.
(-1 = — =D (6) |
1= Dy, — 1) B. Comparison Data
where The reader cannot properly evaluate the quality and accuracy
syly [ d of any materials characterization technique without having ref-
D=—- ) d i hich the technique’ dd b
4 5 5 5 5 erence data against which the technique’s measured data can be
o (2 +a) V(s*+ o) +2) (2 + )

compared. Such data need to have been generated using other
for the case where the magnetic field is directed alongthris, techniques that are known to be equally or more accurate than
as shown in Fig. 2. If the rectangular specimen shape is reptige stripline resonator method. For CPS and alumina, we relied
sented by a long prolate ellipsoid of aspect ratio in the ranga NIST resonator data obtained &tband frequencies and
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accurate tat0.5% ine’ and +10 = in £’ (see [17, Tables Ill 3 04 /Reﬁﬂ e ;
and V]; data on CPS are listed in Table Ill and data on alu- © ' \*e ~~~~~ - &/
mina are listed in Table V under “C9"). With the exception of 0.2 Rof (CPS)
the FLP, all of the materials used for permittivity measurements TR O T D
exhibit little change in theie’. values with frequency due to 0 200 400 600 800 1000 1200 1400 1600 1800 2000
inherently low dielectric loss. The same NIST resonator data Frequency, MHz
[17] show thate/. values for both CPS and alumina decrease (b)

by about 1.1% for a decade increase in frequency 1-10 GHz.
The change ine’. values for the YIG was assumed to be th&9- 4. (a) Measured relative permittivity data for CPS (Specimens 1S and
r . . L . 2U) and FLP (Specimens 5S and 6U). (b) Measured dielectric loss data for CPS
same as that for alumma. For the FLP, wh|ph exh.|b|ts mediUyecimen 1S) and FLP (Specimen 5S).
dielectric loss, we relied on NIST data obtained with the 7-mm
coaxial air line technique [18]. Since this technique is very prone 18 ‘ %
to air-gap errors when used fef measurements, the measure- 17 R ‘ A
ment uncertainties are normally abat$5% in=" and+0.01 in 16
€' [9]. However, a single-frequency measurement performed at
500 MHz using the reentrant cavity technique and accurate to

+2.5% ins’ [18] allowed us to tighten up this uncertainty across

A'
%

YIG

-

Y
=
@
1

Real Permittivity, ¢'
]

the 150-2000-MHz band. nIvas |
For the magnetic measurements, we relied solely on compar- "  m hu
ison permeability data obtained with the 7-mm-diameter coaxial Alumina l///A\\ -

L . . . . 10 T i .,_m::_??"‘:' N e 1
air-line technique [18]. This technique is largely unaffected by e 3 38
air gap problems when used fpf measurements; in this fre- oW o T R
quency range, the uncertainties are estimated t618% in./’ 80 200 400 600 800 1000 1200 1400 1600 1800 2000
and=+.01 in” [9]. Based on the results of an extensive inter- Frequency, MHz

comparison of ferrite measurements using the 7-mm-diameter
coaxial air-line technique, NIST has concluded that this techio- 5. Measu'red relative permittivity data for alumina (Specimens 3S and 4U)
. . . . - and YIG (Specimen 7S).
nigue is the best available for measuring the permeability of fer-
rites in the 50-2000-MHz frequency range [18]. o
Well-known imperfections in manufacturing methods cafr- Complex Permittivity Data
lead to significant lot-to-lot differences in material property Measured complex permittivity data for materials listed in
data, particularly for magnetic materials. The coaxial air lin€able | are given in Figs. 4 and 5. Reference data, including the
or cavity specimens used to generate CPS, FLP, Ni, Ni—Zgstimated uncertainty limits, are shown dotted in both figures.
and YIG (*) reference data were all derived from the sam& general observation regarding most of the measutedata
manufactured lot as those measured in the stripline cavighown in Figs. 4 and 5 is that these plots frequently exhibit an
The cavity specimens used to generate alumina and ¥1§ (almost exponential increase with frequency up to 1650 MHz fol-
reference data did not come from the same lot. These facttowed by a significant drop at the last frequency of 1950 MHz.
need to be kept in mind when comparing the measured dataMeasurements at 1950 MHz were difficult to perform because
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Fig. 6. Measured complex permeability data for FLP (Specimens 8 and 9)Fig. 7.  Measured complex permeability data for Ni Ferrite (Specimen 10).

the resonance curve was usually highly asymmetric. The rea- :
sons for these effects are discussed in Section IV. 30 A
Fig. 4(a) shows measuretidata for CPS and FLP. For CPS, "= Y
the reference value i = 2.55 4+ 0.01 [17]. Measured data £ 2 “»._y
for Specimen 1S agrees with the reference value within approx- § ,, [ X w”
imately 2% over a frequency range of 450-1650 MHz. Data for § 7 X N
Specimen 2U, which has four times the volume of 1S, shows % 5 - .
better agreement at low frequencies, but the agreement deterio & 4, [ & X
rates significantly at frequencies above 450 MHz. Results for § \i“ v \k\‘\*““*\*
the limited numerical modeling performed at 150 MHz with S F et Sy
Specimen 1 (CPS) gave a predicted frequency shift of 45 kHz. o bt Mﬁ *—0 o .
The average measured shift for Specimen 1 was about 47 kHz; 0 200 400 €00 800 1000 1200 1400 1600 1800 2000
hence, results were comparable. For the FLP, measured dat:. Frequency, MHz

for Specimens 5S and 6U lie only within the +2% uncertainty
bounds of the reference data at 450 MHz. The limited data avail>
able for Specimen 6U, which has twice the volume of Specimen
58S, show that much greater differences are evident compared tc e
those of 5S. &

Fig. 4(b) shows dielectric loss daté for the same materials. ;
For CPS, the reference valuesis = 0.001 +0.0001 [17]. Mea-
sureds” data are two-and-one-half to three times the reference
value in the frequency range of 750-1650 MHz. Outside this
frequency range, much greater disagreements are evident. Sim
ilarly, for the FLP, measured’ data are about 1.5-10 times the
reference data at most frequencies.

Measured:’ data for alumina and YIG are shown in Fig. 5.
For alumina, the reference value is @@05 [17]. Measured
data for both Specimens 3S and 4U agree closely with the refer-
ence value at 750 and 1050 MHz. Data for Specimen 4U, which
has double the volume of Specimen 3S, show better agreemggits. Measured complex permeability data for YIG (Specimen 12).
with the reference value at 150 MHz. Conversely, data for 3S

show better agreement than 4U at the higher frequencies, 1330\ 41ume of Specimen 8, is in better agreement with reference
and 1650 MHz. For the YIG, the referencevalue is 15.75 £ | 5,65 at low frequencies than that for Specimen 8. The converse

0.15 [18]. The measured data for Specimen 7S differ by +1%irue at the highest frequencies, where hdtand;” data for

to —32% relative to the reference value. Measusédiata for Specimen 8 agree more closely with reference values.
alumina and YIG were 16 t(_) 50 times reference_values. SmceFig. 7 shows measured data for the Ni ferrite (Specimen 10).
these data are clearly meaningless, they are not included herﬁ.leu/ data are about8% below reference values at the lower

frequencies, but agree well above 1200 MHz. With the excep-
tion of the lowest and highest frequencies, iffedata are about
Measured complex permeability data for all materials listeeb0% low.

in Table Il are shown in Figs. 6—9, which shows measured dataFig. 8 shows measured data for the Ni—Zn ferrite
for the FLP. The:' data for Specimen 9, which has three time§Specimen 11). Data for’ and " agree well with reference

Measured complex permeability data for Ni—Zn ferrite (Specimen 11).
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values at most frequencies with some deterioration at the lowBst Complex Permeability Measurements
frequencies. Fig. 9 shows measured data for the YIG (Specime

12). In the mid-frequency range of 600-1100 MHZ, data Yhe principal improvement in the magnetic characterization

measurements, relative to the dielectric, is that this technique is

ithi 0,
?hgree \éwtthm about tis flc;fo/refirence \?alues. B?:I)O\ftv E/SfOO Iv”_%’ole to measure magnetic loss more accurately, though errors
ese data are up fo 0 above relerence. Laluloare ¢, o ater thant:50% were recorded in some cases. This is un-

0,
?;r?u; ﬁ?h/%;?grvz rrzfgr:"?en:tea}cﬁ‘irlgeje%\é?é;t;)ilcs)ilvnée()(;ri/lqﬁfag btedly due to the absence of energy scattering problems in
9, 9 q the magnetic measurement mode. Errorg/idata forp’ > 1

varied from—10% to+16%, which is somewhat better than the
errors recorded in the data. As discussed earlier, application of

V. DISCUSSION ANDCONCLUSIONS the magnetic depolarization correction is essential for accurate
results, particularly in the low-frequency region where materials
A. Complex Permittivity Measurements exhibit high permeability.

Size-dependent perturbation problems, which are virtually

Figs. 4 and 5 show that measureddata were consistently jgentical to those that occurred during permittivity measure-
below reference data (by as much-e80%) at the lowest fre- ments are evident in the FLP data of Fig. 6. There is also ev-

quency and that the differences are size-dependent; differenggsice of under perturbation in the Ni ferrite data of Fig. 7.

were always smaller for the larger volume specimens. We giere appears to be little evidence of perturbation issues in the
tribute most of these errors to greater uncertainties in the mea- 7, and YIG data of Figs. 8 and 9. As in the case of per-
sured resonant frequency shiff caused by poorer signal-to-ittivity measurements, the computed magnetic volume pro-
noise levels and difficulties in gorrectly measuring the resondfities a useful way of quantifying the degree of cavity pertur-
frequency. We have termed this effect “under-perturbation.” Ifation during permeability measurements. Table Il shows that
accuracy in the air-gap correction also contributes to the tofgh magnetic volume numbers are generally lower than those
error at this frequency. As frequency is subsequently raisgfheq in the dielectric measurements, with the FLP exhibiting
the measured datg exhibit very significant departL_Jres from refs highest values. The measugeddata showed no significant
erence values. This error is shown to also be size depen at 1950 MHz, in the manner that occurred during permit-
and is consistently less for the smaller sized specimens at thﬁ\gﬁy measurements. For magnetic measurements, only a small
frequencies. We attribute this error to over-Perturbatlon by the\ction of the ground plane-to-center strip space is filled by the
specimen that exceeds the limits of Waldron's theory. The Sp@Raterial under test, so that th#, , mode will not propagate in

imen’s electrical volume, as given in Table I, provides a usefylo specimen at frequencies below 1970 MHz.
way of quantifying the degree of cavity perturbation, and is dis-

cussed further in Section IlII-C.

We attribute the sudden drop &t values seen in Figs. 4
and 5 for all materials at 1950 MHz to the presence of the Based on the measurements performed in this study, we con-
first higher ordefI'E.; o mode within the specimen. For dielecclude that the stripline cavity, in its open-sided configuration,
tric measurements, the material under test completely fills thannot satisfactorily measure the dielectric lo$sf materials.
ground plane-to-center strip space, so thatFlie, mode can With respect to the three remaining material parameters’,
propagate at frequencies below the theoretical limit of 19&hd ", we conclude that the technique can measure these pa-
MHz. This problem can only be avoided by reducing the uppesmeters to within uncertainties 6f5%, provided that partic-
frequency limit of the cavity by about 5%. ular attention is paid to the critical issues of optimal perturba-

The results for dielectric loss, discussed in Section 11I-B, aten and specimen sizes. For most of the materials measured, we
clearly unacceptable. For a low-permittivity material such ahowed that accuracy correlates closely to the degree of electro-
CPS, the cavity appears to have adequate sensitivity to resatvagnetic perturbation of the cavity as quantified by the spec-
losses of” = 0.001, but the minimum measurement error ismen’s electrical and magnetic volume. Therefore, this should
still +250%. Note also that measured dielectric loss data fallow us to develop useful guidelines for choosing specimen di-
the FLP follow much the same pattern as thatfQiindicating mensions based on an optimal range of specimen electrical and
similar perturbation problems. We attribute the general inaccmagnetic volume. Most of the materials that we characterized
racy of dielectric loss measurements to unaccountable enehgye values of’ and;’ < 10. We suggest that for this class of
losses scattered by the specimen that escape out of the aparerials, the optimal range of electrical and magnetic volume
cavity sides. This effect appears to be more significant for tieapproximately 100« 10-6 to 500 x 10-6. For the high-per-
high-permittivity low-loss materials. Even though we attempteaieability ferrites measured, Ni-Zn and YIG, the optimal range
to reduce scattered energy losses by using two identical spegpears to be lower: approximately110-6to 10 x 10-6. The
mens, this did not lead to acceptable results in dielectric logsasons why the optimal range is different for these materials is
measurements. An obvious solution to this problem is to closeaclear at this time.
off the open sides with conductors, such that the cavity now hasOur measurement data show that it was generally not
the structure of a rectangular coaxial line or TEM “cell” [19]possible to obtain accurate characterization measurements
However, no perturbation theory exists for this structure, so thater the full 13: 1 frequency range of our cavity, using only a
numerical methods would be needed to derive the dielectric gAgle specimen. Improved accuracies are realizable by using
rameters of the materials under test. progressively smaller specimens as the excitation frequency is

C. Conclusions
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