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Abstract. The cylindrical resonator operating with & mode is used for
complex permittivity measurement of different materials: foams, Bydielec-

tric sheets. The measuring resonator with unloaded quality factor mame tha
15000 for Ku band is designed and tested. The calculation expressions a
based on an exact solution for the resonator entirely filled with foam miteria
Perturbation technique is used when thin disk samples are placed in the mid-
dle of the resonator height. The measurement error for foam material$%

for permittivity and 5-10% for dielectric loss. The error for layers ahedess
measurements is in the limits of 2—-4% for permittivity and 10% for loss fac-
tor. The described measuring procedures are easy for practdiziateon and
ensure enough accuracy for estimation of complex permittivity in theeraifig
12-13 GHz.

PACS number: 77.22.-d

1 Introduction

The dielectric materials used in modern microwave techaitpn be estimated
and measured with different methods in dependence on mbsbape, permit-
tivity, and loss factor values. The well-known dielectrizsp resonator method
[1] operating with Tk, mode used as a reference source for estimation of per-
mittivity measurement accuracy is applicable omly for lmsd materials with
cylindrical shape. The other reference method is that off loylindrical res-
onator with a disk sample placed on the resonator bottomgenhig);, mode is
excited with quality factor greater th@nx 10* [2]. This method is used mainly
for characterization of standard samplesgy( samples made of polystyrene).
Recently, a number of other resonance methods for estimatiow loss mate-
rials have been referenced [3]. Most of them are accepteshitihg metrology

1310-0157 (© 2005 Heron Press Ltd. 147



Application of TR, Mode Cylindrical Resonator for...

institutions like NIST [4] and NPL [5]. Nevertheless, théseno universal solu-
tion to the problem for proper estimation of variety of matrused. Therefore,
in every case of interest additional methods are developededfinite use. The
purpose of the present paper is to propose a new inexpentaveadive for ap-
plication of cylindrical resonator operating with & mode. In comparison
with the known methods, this realization of measuring pdoce is relatively
simple and it is characterized with an accuracy satisfyirgrequirements for
the most practical applications. The application of cylical resonator with
TEy1; mode is appropriate for evaluation of low loss dielectridenials: foams,
layers, thin sheets.

2 Description of the Measuring Resonator

The measuring resonator consists of cylindrical brass laodiytwo equal brass
bottoms fixed to the body by 4 screws each (Figure 1a). Thenatsurface of
the resonator is polished and then Silver () and Gold (1:m) is plated. The
top and the bottom part of the resonator are separated frerwytindrical body
with a gap of 0.35 mm. Behind bottom plates (2 mm thick) aregda2 mm
thick absorbing rings to reduce spurious resonance modzataesn. The res-
onator diameteD and lengthL are taken equaB0.05 + 0.01 mm and 30.085
+ 0.01 mm, respectively, to get the highest value for quabtytdr of T,
mode around 13 GHz. The measuring setup is coupled to theatsdhrough
SMA connectors mounted at angle°9@nd below the middle of the resonator
(at heightLZ/3). The coupling semi-loops, oriented perpendicularly & [tn-
gitudinal component of microwave magnetic field, do not pexte inside the
resonator (Figure 1b). Thus, the coupling is small enougje iisertion loss of
the empty resonator, operating with modeyTEis $; = —22.5 dB.
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Figure 1. Measuring cylindrical resonator operating withyiiEmode.
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At these conditions the measured resonance frequengyds= 13140.3 £

0.2 MHz, which is lower than the theoretical estimatign = 13147.7 +
3.14 MHz calculated from [6]. The difference between measuretipgadicted
value of resonance frequency can be explained with the taiosr of the res-
onator diamete) and presence of small holes (@ 2.2 mm) for coupling loops
and air gap between the bottoms and the resonator body. Thsuneel line-
width of the empty resonatah fex, [-3dB] = 0.933 & 0.01 MHz leads to the
loaded quality facto€);, = 14048. Taking into account the insertion loss; St
resonance, the unloaded quality factor, determined frameKpression

QL

QO = 1— 105«21/20) (l)

is found to be&Qoexp = 15225. This value is lower than the theoretical estimation
Qoth = 21926 calculated from [6] for the above mentioned dimensions aoldl G
conductivityc = 41 MS. The difference can be explained with the internal
surface imperfection of the resonator.

The experimental check has shown that the suppressionadifamodes in the
designed cylindrical resonator is strong enough. It wasdesl no excitation of
the TMynp modes. In Table 1 are summarized data for transmission cieifi

Sa1 of the lowest TE,,, modes exciting in the range of 7-14 GHz. The presence
of absorber rings behind resonator bottoms reduces thedéparasitic TEnp
modes.

Table 1. Tk, mode excitation in cylindrical resonator wifh = 30.05 mm andL =
30.085 mm.

Mode TE1: TE211 TE112 TEo11 TE212
fin [GHZ] 7.681 10.890 11.553 13.147 13.905
%ES [dB] -68.8 -58.2 -48.8 -22.5 -54.0
So1 [dB] -55.0 -37.5 -37.0 -22.0 -32.2

As can be seen there exists a bandwidth of about 1.6 GHz bél@®Hlz, which
is free of spurious modes. Its lower limit depends on {kEnode excited around
11.55 GHz withSs; = -48.8 dB. Fortunately, Tk mode is not sensitive to
the sample placed in the middle of the resonator, and candrgifigéd easily.
It is recommended not to use samples creating frequenclyggkiiiter than 1—
1.5 GHz to avoid any unwanted interference between the wgrkiode Tk
and the spurious modes.

The measurement of resonator parameters can be done witbntmmal scalar
network analyzer. Thus, the resonator insertion Igigscan be measured with
an error+0.3-0.5 dB. The measurement accuracy of resonance frequency and
resonance line-width depends on the calibration procedtiire recommended
to repeat this procedure for narrow frequency span, foairts 5 times of mea-
sured line-width. If we use averaging mode and do severdlQbreadings, we
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can guarantee the resonance line-width accuracy withinvgpts cents. The
measurement of resonance line-width is free of subjectik@®because most
of network analyzers include BANDWIDTH option at level -3 dBhe conven-
tional sweep oscillators cannot ensure frequency staliitter tharl073—-1074.
Therefore, it is necessary to use either digital frequeneyemor synthesized
sweep oscillator with frequency stability better than®.

The estimation of measurement error can be done with rootaftsquare tech-
nigue (RSS) mentioned in [3]. Thus, knowing the complex peivity depen-

dence from measured parameters, we can calculate pertyittind loss factor
uncertainties

A — 8€,Ah 2 as’AL 2 Ge’AD 2 85’A 2 e 5
= |(Gnon) +(5zar) +(500) +(57a1) +| @
| (9 tand) . \* . [0 (tan?) > /8 (tand) 2
9 (tand) . \? 12

through the uncertainties of the: sample thicknaés resonator lengtih L and
diameterA D, frequency resolution f, quality factor errorAQ), etc.

3 Measurement of Foam Materials

Usually, the foam materials are characterized with lowediglc permittivity
e, < 1.2. These materials are easy for manufacturing samples lgritilieg the
cylindrical cavity. The foam material complex permittivit = e/(1—j tan § can
be determined from the expressions in [7, pp. 521-522] dérigr completely
filled cavity of arbitrary shape. Considering the measurathmeters of the
empty TEy; mode cavityfexp andQoexp as known values, the expressions in [7]
can be rewritten for determination of the foam permittivatyd loss factor

2
= (ff—F> )

tan s 1 1
andp = — +
QOF QOexp

where fr and Qqr are the measured resonance frequency and the unloaded
quality factor of cavity entirely filled with foam.

VEF )

To prove this application, measurements of different foaatemals were done
and then summarized in Table 2.

150



V.P. Levcheva, S.A. Ilvanov

Table 2. Measurement of foam materials entirely filling cylindricah iEFesonator with
D = 30.05 mm andL = 30.085 mm

Foam material f [MHZz] eR tan(dr)

Polypropylene 12868.97 1.04280 0.0000223
Airex R82.60 12600.40 1.08755 0.0008120
Airex R82.80 12531.45 1.09955 0.0007330
Alveo NA 0605 11982.14 1.20270 0.0003830
Alveo NA 1105 12492.77 1.10637 0.0003000

The reference data are available for fire resistant foamex®irR82.60 and
R82.80 in [8]. The agreement for permittivity is very goodhelfoam materials
Airex® R82.60 and R82.80 are characterized with permittivity 3.88d 1.108
at 12.5 GHzj.e. the difference is quite small: 0.23% and 0.77%, respegtivel
Data for loss factor in Table 2 however are 2—3 times smdil@n the reference
values 0.0017 and 0.0023 specified in [8]. No informationrf@asuring pro-
cedure used in [8] is available. Therefore, any commentfhiemdasons for the
above-mentioned disagreement are not possible at présent t

The estimation of foam permittivity uncertainty can be durii the expression
(2) where permittivity derivative8s /0 fp andde /0 fex, from (4) are replaced.
We obtain a simple formula for determination of relative entainty

1/2
<AfF>2+<Afcxp>2 / (6)
fF fexp .

At Afr = Afep = 1 MHz the permittivity uncertainty of foam materials
listed in Table 2 is very low — for instance p /e = 0.000312 for material
Airex R82.80. The proposed method for measurement of foammifievity is
characterized with better accuracy than the one in [8].

Estimation of loss factor uncertainty can be done with theression (3), where
derivatives of (5) with respect to permittivity and losstfars should be substi-

tuted. As a result, the uncertainty of foam loss factor idained with the
expression

_ 1 ) AQor ?
A (tandp) = Qor {( Qor >
1/2

2
Qor \? (AQOexp . )2 1 Aep
" (QO exp> QOexp \/5 + 4 ﬁ ’ (7)

The influence of the first term under square root should be g@mibecause the
quality factor of the foam filled resonator is lower than tb&the empty res-

A&F -

EF
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onator. For instance, fahQor/Qor = 0.02, the measurement uncertainty for
the loss factor of material Airex R82.80 45 (tandx) = 1.61 x 107 or 2.2%.
In comparison with permittivity error of 0.03%, we can camd# that loss fac-
tor determination is less accurate — at least 2 orders. Henveven with some
increasing of uncertainties of measured resonance fregwed resonance line-
width of TEy;1 cylindrical resonator, we can guarantee the measuremévdiof
materials with uncertainty better than 0.1% for permityiand 5% for loss fac-
tor.

4 Measurement of Layer Materials

The estimation of layer materials can be done with the testridxschematically
shown in Figure 2. As can be seen two equal halves of polypeapyfoam
and investigated disk shape layer of thicknédsetween them are used. Thus,
the sample is placed in the electric field maximum of the regamoperating
with TEp;; mode. For thin enough layet (< 0.1 mm), the frequency shift and
quality factor degradation of resonator are small enoughthe application of
perturbation technique is possible for evaluation of lgyemittivity .. The
necessary equation for deviation of cavity complex fregyesf resonator, par-
tially filled with sample, which complex permittivityy — je”’ = /(1 — j tan ;)
can be found in a large number of textbooks (see for instdice,p. 533] or

[9D)-

The necessary perturbation formula is

Aw (1N I IE ) — eo) BBV
o A (@) =7 2 [T],. coB-EydV

whereEis the electric field of unperturbed resonator filled withrpitivity <,
while E is the field of resonator with a sample inside. For cylindriesonator
operating with Tk;; mode the azimuth componeat, inside layer is equal to
the field £y, of unperturbed resonator.

(8)

Therefore, with substitution afy — % — je' in (8) and electric fieldZ, from
[6], the perturbation equation reduces to the followingresgions for determi-
nation of layer permittivity and loss factor:

- 1 0.5 1 1

T I A Y (S VA

L fr PF  PF\QorrL Qor r ®)

e [0.5 1 1 Jr—frr 1
tan sy, = °F [_( _>+(1+__)tams ] 10
g er |PF \Qorr Qor fr PF r| (10)
. d 1 . 2nd
where the perturbation factétF’ = 0.5 7 + 5, sin—— should be as small
T

as possible. Note that indicésand F'L relate to parameters of resonator filled
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Figure 2. Tk cylindrical resonator for measurement of dielectric layers.

with foam and foam + layer, respectively. Further on, the tasm in (9) will
be omitted because the loss factor of foam spateigr is low enough (see
Table 2). Thus, the expression for permittivity of thin layan be simplified

additionally to
f L
e =¢eh [1+<1—%> E}‘ (11)

If % — 1, the equation (11) coincides with expression usually datext with
perturbation theory — for instance formula used in [10], rehmeasurement of
very thin layer ¢ < 10 um) placed in the maximum of the electric field of Ji
mode resonator is discussed.

The results of measurements for several layer materialstarenarized in Ta-
ble 3 for the case of foam polypropylene spacers. The oldailag¢a for low
loss materials (PTFE and Polyethylene) are in agreemehtrefierence data in
[11]. Detailed comparison is possible only for layers widfidite parameters.
For instance, in [11] the molded PTFE is characterized wehmttivity 2.1
and loss factof1 — 3) x 10™ while the medium density Polyethylene should
have permittivity 2.3-2.4 and loss factor 0.0002—0.0005thk case of consid-
eration, however, no manufacturing information concegmireasuring samples
was available for proper comparison of the data in Table 3.

The uncertainty of measured layer permittivity can be cheteed from expres-
sion (2), where derivatives of simplified perturbation foen(11) are substi-
tuted. Thus, the final expression for relative uncertairitpermittivity can be
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Table 3. Measurement of layers placed in the middle of;TEesonator withD =
30.05 mm andL = 30.085 mm, filled with foam spacerss¢ = 1.0428, tandp =
0.0000223)

Material d [pm] f [MHz] €L tan d.
PTFE 44 12847.59 2.096 0.000253
Polyethylene 80 12824.44 2.363 0.000336
Polyimide 180 12698.49 3.334 0.0132
KCL-3 25 12842.77 3.461 0.0111
FR 4 120 12712.07 4.206 0.0179

presented as follows:

A Acp\?
_z{<:£>+
€L EF

(-] 0-()
GGG e

In the previous chapter it was shown that the uncertainti@fdam permittivity
and measured resonance frequencies are small endugi™ and1 x 1076, re-
spectively. Hence, the main influence on layer permittivitgertainty is caused
by the second term of the square root expressienpf layer thickness uncer-
tainty Ad/d in particular. To illustrate this assumption, we can subttithe
data for PTFE from Table 3 in (12). The calculated uncenairftpermittivity

for PTFE layer atAd = 2 um is Aey,/e;, = 0.0227 or 2.27%. This error is
smaller thanAd/d (equal to 4.4%) and it is in agreement with the perturbation
technique which typical accuracy is 2—4%.

+

The estimation of layer loss factor uncertainty is more clicaped because in
general case the expression (10) for loss factor cannotrbglifed. For the
case under consideration, however, the second term of @aboniim (10) can be
neglected because the loss factor of polypropylene holdersry low. Thus,
replacing the derivatives of the simplified formula

tw&:(*>[1 1}L (13)

E QorrL - Qor d
into expression (3), we can obtain the following equationcfaculation of the
relative layer loss factor uncertainty:

A(tandy) _ [ (Ad 2+ AL 2+ Al 2+ A
tandy, d L e e

. { AQor/Qor r_‘_ |:AQ0FL/QOFLi|2}1/2. (14)

Qor/Qorr — 1 1—Qorr/Qor
154



V.P. Levcheva, S.A. Ilvanov

The uncertainties associated with foam permittivity arsbrator length in (14)
can be neglected because of their small influence on the fsaltr In the
general case, the influence of the layer thickness uncoyrtédyer permittivity
and quality factor uncertainties are comparable. The vafufie uncertainty
depends on the layer loss factor. For low loss layers, likEFP@nd Polyethy-
lene, the influence of the two last terms in (14) is dominagtbee the quality
factorsQor and Qory, are comparable. Therefore, the measurement of low
loss layers needs considerable reducing of quality factoetaintyAQq/Qo.
The calculations show that low loss factor uncertaitMtan 6,)/ tan o5, for
PTFE layer decreases from 0.466 to 0.10Ai),/Q, falls down from 0.005
to 0.001. Layers with moderate values of losses (PolyimideRR 4) are less
sensitive to quality factor uncertainty as the role of thet tarms in (17) is much
smaller. For example Polyimide layer should hav&an é;)/tand;, = 0.036
atAd/d = 0.028 andAQy/Qo = 0.01. With that in mind, we can conclude
that measurement of layer loss factor is less accurate. fbese&an be keeping
less than 10% if quality factor uncertainty is properly eesu

5 Measurement of Dielectric Sheets

The measurement of thin dielectric sheetsq(1 mm) is done with disk sample,
which diameter i) = 30 mm. The disk sample is fixed by two screws through
removable holder at heighit ~ L/2 (Figure 1a). The measurement method is
not sensitive against small deviation of the central poasifivithin 0.1-0.2 mm)
because the azimuth componeiit of TEy;; mode is changed slightly along
the resonator axis. The use of perturbation formula (8)deadhe following
approximate expression for determination of permittivtyd loss factor of the
thin sheet:

, fe—fs[d 1 7@2h+d) . wd]™
€gp =1+ Q—fe {L - cos ———sin Tor , (15)
11 1\[d 1 «Q2h+d . =d]"
tanés—a(%—Qoe> [Z—;COSfSlnL—eﬁ] . (16)

Here, the subscripts and S relate to the parameters of empty and filled res-
onator, respectively. Note, that whéh + d = L andd <« L the obtained
formulae coincide with expressions (11) and (13), whgre= 1.

The measurements of some dielectric sheet materials ansnshdable 4. The

permittivity values for isotropic materials PTFE, Polystiye and RO3003 are
close to the reference data. With that in mind, we can es#itiet accuracy for
permittivity of dielectric sheets materials within the ltsm2—4%. The differ-

ences for substrate materials Arlon 350, Duroid 5870 and @arthare greater
— 5.28%, 8.97%, and 5.54%, respectively. These differenaashe explained
with the anisotropy of substrate materials. It is known thatstrate materials
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are reinforced for improving their mechanical stabilityheFefore, the data in
Table 4 can be interpreted as permittivity in the plane obsualbe, which should
be greater than reference values for permittivity measuréhde direction nor-
mal to the substrate plane [12].

Table 4. Measurement of sheet materials placed in the middle gf, TTlEsonator with
D = 30.05 mm andL = 30.085 mm.

Material d[mm] f[MHz] es es [Ref] tan d. tan d. [Ref]
PTFE 0.944 12681.42 2119 2.1-22 22®* (2-4)x10*
Polyethylene 0.950 12459.49 2.646 2.55-2.7 98&* 10°-10*
Rogers 3003 0.260 12903.45 3.099 3#60.04 0.00102 0.0013
Arlon 350 0.557 12488.05 3.685 3.300.15  0.0026 0.0026
Duroid 5870 0.765 12626.87 2.539 2.330.02 0.00102 0.0012

ComClad 0.530 12737.90 2.744 2.600.04 0.00423 (2.5-410*

The estimation of uncertainty for measured complex pefritittcan be done
with expressions (2) and (3), where corresponding devieatare substituted.
Thus, for sample placed in the middle of the resonator we sarthe equations

2 (A (32
JEE TS e
() ) ()

[ 1 — cos(md/L) ]2
1 —sin(nd/L)/(wd/L)

1/2
AQoe/Qoe r { AQos/Qos ]2
* {Qoe/Qos -1 * 1= Qos/Qoe ' (18)

The main influence on permittivity error is due to the undetiaof disk
thicknessAd. For instance, if PTFE sample is characterized with unicgpta
Ad = 0.02 mm (or 2.13%), we can calculate the corresponding perrtjttiv
uncertaintyAegs = 0.0238 (or 1.13%),i.e. the measurement error is small
enough and even less than uncertainty of the sample thigktsedf. The un-
certainty (18) of the loss factor is greater because of thietéam under square
root. The estimation for PTFE sample gives loss factor uaggy value 7.57%
atAQo/Qo = 0.01. Therefore, we should keep uncertainty of sample thickness
and quality factor as small as possible to minimize the unggies of sheet
permittivity and loss factor.
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6 Conclusion

A measuring cylindrical resonator operating withgTEmode is designed and
tested. The empty resonator is characterized with unlogdality factorQq. >
15000 at 13 140 MHz and 1.5 GHz bandwidth free of unwanted modes. New
alternatives for application of cylindrical resonator @mposed and demon-
strated for measurement of low loss materials in the rand®ei13 GHz. The
complex permittivity of foam material is measured with a pérentirely fill-
ing the resonator. The error for permittivity is rather loviypically less than
0.1% if digital frequency meter or synthesized sweep agoitlis used. The
characterization of foam dielectric loss factor dependsjaality factor uncer-
tainty. The use of conventional network analyzer ensuresretess than 5%
for the loss factor. The characterization of dielectricel@yand thin sheets is
done with a disk sample placed in the middle of the resonamhih. The use
of perturbation theory formulae gives acceptable accufacgetermination of
dielectric parameters. Typical error for permittivity i$eav percents, while the
uncertainty of loss factor is below 10% in most of the casé® Used measuring
setup and the designed cylindrical resonator are low cakéasy for realization
and manipulation.
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