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1. Scope A 893 Test Method for Complex Dielectric Constant of

1.1 These test methods cover the determination of relative ~Nonmetallic Magnetic Materials at Microwave Frequen-
(Note 1) complex permittivity (dielectric constant and dissipa- _ C1€

tion factor) of nonmagnetic solid dielectric materials. D 150 Test Methods for AC Loss Characteristics and Per-
mittivity (Dielectric Constant) of Solid Electrical Insula-
Note 1—The word “relative” is often omitted. tion3

1.1.1 Test Method A is for specimens precisely formed to D 1711 Terminology Relating to Electrical Insulation
the inside dimension of a waveguide. )
1.1.2 Test Method Bis for specimens of specified geometry 3- Terminology
that occupy a very small portion of the space inside a resonant 3.1 Definitions:
cavity. 3.1.1 neper n—a division of the logarithmic scale wherein
1.1.3 Test Method C uses a resonant cavity with fewer the number of nepers is equal to the natural logarithm of the
restrictions on specimen size, geometry, and placement thatalar ratio of either two voltages or two currents.
Test Methods A and B. . Note 2—The neper is a dimensionless unit. 1 neper equals 0.8686 bel.
1.2 Although these methods are used over the microwavgitn I, andl, denoting the scalar values of two currents areing the
frequency spectrum from around 0.5 to 50.0 GHz, each octavRumber of nepers denoted by their scalar ratio, then:
increase usually requires a different generator and a smaller test n= In, (/)
waveguide or resonant cavity. ey
1.3 Tests at elevated temperatures are made using speciahere:
high-temperature waveguide and resonant cavities. Ine = logarithm to base e.
1.4 This standard does not purport to address all of the 3.1.2 For other definitions used in these test methods, refer
safety concerns, if any, associated with its use. It is theo Terminology D 1711.
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica4. Significance and Use
bility of regulatory limitations prior to use. 4.1 Design calculations for such components as transmis-
sion lines, antennas, radomes, resonators, phase shifters, etc.,
require knowledge of values of complex permittivity at oper-
2.1 ASTM Standards: ating frequencies. The related microwave measurements sub-
stitute distributed field techniques for low-frequency lumped-

. o , circuit impedance techniques.
These test methods are under the jurisdiction of ASTM Committee D09 on
Electrical and Electronic Insulating Materials and are the direct responsibility of
Subcommittee D09.12 on Electrical Tests. -
Current edition approved May 10, 2001. Published July 2001. Originally 2 Annual Book of ASTM Standardgol 03.04.
published as D 2520 — 66 T. Last previous edition D 2520 — 95. 3 Annual Book of ASTM Standardgol 10.01.

2. Referenced Documents
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4.2 Further information on the significance of permittivity real part, and
may be found in Test Methods D 150. K" imaginary part.

4.3 These test methods are useful for specification accep- The value ofk* may be obtained from observations that
tance, service evaluation, manufacturing control, and researaivaluate the attenuation and wavelength of electromagnetic
and development of ceramics, glasses, and organic dielectigave propagation in the medium.
materials.
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FIG. 1 Standing Wave Established Within Empty Shorted Waveguide

TEST METHOD A—SHORTED TRANSMISSION 6.2 The permittivity of the medium in a transmission line
LINE METHOD affects the wave propagation in that line. Thus, the dielectric
properties of a specimen may be obtained by using a suitable
5. Scope line as a dielectric specimen holder. The electromagnetic field

5.1 This test method covers the determination of microwaveraveling in one direction in a uniform line varies with tinte,
dielectric properties of nonmagnetic isotropic solid dielectricand with distance along the ling, as exp jo t = vyx) where
materials in a shorted transmission line method. This tesy is the propagation constant. Assuming that the metal walls of
method is useful over a wide range of values of permittivitythe line have infinite conductivity the propagation constaot
and loss(1).% It may be used at any frequency where suitableany uniform line in a certain mode is
transmission lines and measuring equipment are available.
Transmission lines capable of withstanding temperatures up to
1650°C in an oxidizing atmosphere can be used to hold theyhere:

v =2m(\, 2 — kN (3)

specimen. N = cut-off wavelength for the cross section and the
mode in question,

6. Summary of Test Method N(=c/f) = wavelength of the radiation in free space, and

6.1 In an isotropic dielectric medium, one of Maxwell’s curl «* = relative complex permittivity of the nonmag-
equations may be written netic medium.

curlH = jox*eE, 1) Sincex* is complex,y is complex, that is,

assuming exgjot) time dependence, y=a+ijp 4

Where the field dependence on distance is therefore of the fofth e

*

relative complex permittivity, e’ BX_ The wave attenuation isin nepers per unit I_engthﬁ is
(absolute) permittivity of free space, and the phase constang, =2 m/\, wherel 4 is the guide wave-

2mf, f being the frequency. !ength in the line. The method of obserwng and B by_

The notation used will be as follows: impedance measurements and of representing the behavior of a
line containing a dielectric by means of the formalism of

eo =
I n

KE =Ko = (3 - tand) (2)  transmission line impedance will be outlined brief).
where: 6.3 Impedance Representation of the Ideal Probleihe
tand = «k"/k’, impedance representation of the ideal problem is illustrated by

Fig. 1 for a uniform line terminated by a short. In Fig. 2 a
dielectric specimen of lengtth is supposed to fill completely
“The boldface numbers in parentheses refer to the list of references appendedd€ cross section of the ||n§ and be in intimate contact Wlth_ the
these test methods. flat terminating short. The impedance of a dielectric filled line
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FIG. 2 Standing Wave Established Within Shorted Waveguide After Insertion of Specimen

1%

terminated by a shoiffl), observed at a distana from the 7. Significance and Use

short (at what is defined as the input face of the specimen) is 7 1 This test method is useful for quality control and
Z, = (jwHg/y, tanh(y,dy) (5)  acceptance tests of dielectric materials intended for application

at room and substantially higher temperatures. Dielectric

measurement capabilities over wide ranges of temperature and

over wide, continuous ranges of frequency provide significant

usefulness of this method for research and development work.

where 4 is the permeability of free space and of the material
and v, is given by Eq 2, using the dimensions of the line
around the specimen.

6.4 Impedance Measurement
6.4.1 The object of the measurement is to obtain the3. Apparatus

impedance at the input face of the specimen so that the g1 See Fig. 3 for a block diagram of equipment compo-
unknowny , in Eq 4 may be evaluated, whichinturn alloWs  nents. Some characteristics of the component in each block are
to be evaluated in Eq 2. The impedance in question may bgs follows:
measured by a traveling probe in a slotted section of the line. 8.1.1 Generator—Stable in power and frequency with low
As illustrated schematically in Fig. 1 and Fig. 2, the position ofharmonic output.
an electric node, that is, an interference minimum of the 8.1.2 Square-Wave Modulater1.0 kHz output or fre-
standing wave, is observed, and also the “widthy, of this quency required for VSWR meter.
node is observedAy is the distance between two probe  8.1.3 Frequency Meter-Heterodyne or cavity absorption;
positions on either side of the node position where the powetnincertainty 1 part in 10
meter indicates twice the power existing at the node minimum. 8.1.4 Isolato—30-dB isolation, and having an output
The voltage standing wave ratio denotedrby = VSWR) is  VSWR of less than 1.15.
obtained fromAx by the equation (seky, Section 11) 8.1.5 Slotted Section-A slotted waveguide section and
r = NmAy 6 carriage capable of measuring gross distances to 0.025 mm
(0.001 in.) and small distance to 0.0025 mm (Lth.) (for
Note 3—Refer to Appendix X2 and Appendix X3 for additional node width). A micrometer head is required; it should move
comments on errors and refinements in the method to improve accuratyarallel to the axis of the line.
Also refer to Re_fs(1-4) for information on gir gap corrections and use of 8.1.6 Probe—Adjustable for depth. The detector must be
standard materials to reduce errors and improve accuracy. . .
square law(6) if one uses the voltage-decibel scale of the
Whenr is small, a correction is necessafy). The load standing wave ratio (SWR) meter. The detector must be
impedance at a phase distanaeaway from an observed operated in the square law region. Crystal detectors may be

electric node having VSWR Fis square law if they are not overdriven. The law of a crystal may
Zoeae= Zos(1 — jr tanu/(r — j tanu) @) bte checked by adding a good rotating-vane microwave attenu-
ator.
where Zy; = jolo/y1 = flghg assuming the line is uniform g 1 7 VSWR Meter-Readable in decibels.
and lossless. 8.1.8 Temperature Isolation Sectien Includes a bend.
6.4.2 It remains to determineandu correctly, taking into 8.1.9 Cooling Sink—Sufficient conduction to water or air

account losses of the line and nonuniformity due to temperastream to maintain suitable temperature and waveguide dimen-
ture differences, then to equag.,;andz;, from Eq 6 and Eq  sions.

4, and finally to lay out a convenient calculation schemexfor 8.1.10 Waveguide Specimen HoldePlatinum-20 %
The measuring procedure for obtainingndu is discussed in  rhodium for 1650°C; platinum for temperature 1300°C; copper
Section 10. or silver for lower temperatures within their abilities to
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FIG. 3 Block Diagram of Apparatus Used to Perform the Measurement of Dielectric Properties by the Short Circuit Line Method

withstand thermal damage and corrosion. Length shall béequency of the source and the temperature distribution of the
sufficient to have a main transition region of temperature of thdine are to be the same for both observations. With no specimen
order ofA4 in extent and still keep sample temperature uniform(Fig. 1) read the positiog, of a voltage minimum (a node), on
to 5°C. a scale of arbitrary origin; also measure the separation between
8.1.11 Tube Furnace-Platinum-wound tube furnace to ac- positions either side of,; where the power is +3.01 dB from
cept test section, and maintain a 50-mm (2-in.) length at ahe minimum. This is the widtl\x, of the node. Likewise
constant temperatur&5°C up to 1650°C. measure this analogows and Ay, with the specimen against
8.2 The so-called slope of the attenuation characteristic othe termination (Fig. 2). As an additional check measurement,
the slotted line should be normal, that is, the VSWR shouldn one case measure the distance between two adjacent nodes.
change by the expected amount in going from one node tdhis distance i3,42, where\is the guide wavelength in the
another while looking into a shorted termination. Items 8.1.5slotted section.
8.1.8, and 8.1.10 shall have initial dimensions plus differential )
expansions at the temperature of a junction so that the chande- Calculation
in dimensions is less than 0.25 mm (0.01 in.). The dielectric 12.1 Measurements Transformed to Input Face of
holder shall slope downward at 45 to 90° to maintain specimeispecimear-When measurements are made at elevated tem-
against termination. Termination shall be flat to 0.010 mmperatures, the guide width and the guide wavelengghyary
(0.0004 in.) and perpendicular to axis of waveguide withinbecause of the temperature gradient between the heated section
+0.05°. At 9 GHz, the tolerance on transverse dimensions shadind the cool (room temperature) slotted section. Fortunately

be =0.075 mm (0.003 in.). the argument of the tangent in Eq 6 may be found, assuming
. the change in is not abrupt. The correct argument is
9. Sampling N2 / o
= — + -
9.1 Determine the sampling by the applicable material _ u= 2n(N Mgn = 06 = Xalhgs) _ _ ®
ificati where\, is calculated for the empty heated dielectric holder
_ section from the dimensions duly adjusted for thermal expan-
10. Test Specimen sion. In Eq 7 the plus sign is used if the scale foincreases

10.1 The transverse dimensions of the specimen shall baway from the short, the minus sign if the opposikis the
0.05 + 0.025 mm (0.002+ 0.001 in.) less than those of the smallest integer 0, 1, etc., that makegositive. To calculate
transmission line. The front and back faces shall be paralletg, Use the general equation
within 0.01 mm (0.0004 in.) and perpendicular to the axis of W )
the transmission line withih 0.05°. The corners of the
specimen may be rounded slightly so the end surface seats flathere:
against the termination with no air film between the surfaces\ = c/f=free space wavelength, and
The lengthd,, shall be suitable for the measurement; a lengthAc = cutoff wavelength calculated from the dimensions.
of 1 mm (0.4 in.) may be used in 1 by 23-mm (0.4 by 0.9-in.) For theTE,, mode rectangular guide discussed beloys 2
rectangular waveguide. With high loss materials the lengti®* where a* is the wide dimension. It remains to find tigy
may be limited by the electrical criterion given fartand in (width of the node) that would have been measured at the face

9

12.2.2. of the specimen. The node widtfy, without the specimen is
assumed to arise from the attenuation factor of the empty line,
11. Procedure and can be treated as if it increased smoothly with distance

11.1 Impedance measurements are required in the empfyom the short. The width contribution accumulated due to
line (Fig. 1), and with the specimen in place (Fig. 2). Theattenuation in going from the sample face to the placehere
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it is observed is\y (L, — dJ/L, wherelL,; is the total length of 13. Report
path,i =1 or 2, to the shorting termination addis the length
of the specimen. The node widlty, transformed to the sample
face is therefore obtained approximately as

13.1 Report the following information:

13.1.1 The unique identity of the material tested, that is,
name, grade, color, manufacturer, or other pertinent data,

Ax = Axp = Axy(L? = dy/Ly (10) 13.1.2 Test temperature,

A more exact treatment would require knowing the attenu- 13.1.3 Dimensions of specimen and waveguide holder cross
ation as a function of distance throughout. In a high temperasection.
ture holder, withL >> d, the approximation may be used 13.1.4 Thermal expansion coefficient of specimen and

Ay = Ay, — Ay, (11)  waveguide at each temperature,

13.1.5 Frequency,
13.1.6 x,—x 1, and
13.1.7 Calculated value af and tans.

12.2 Equations to Be Solved
12.2.1 Setting the impedances from Eq 4 and Eq 6 equal
gives
Hohgr(1 — jr tanu)

ot =T @n0) (12)  14. Precision and Bias
r(r —

% tanhy,d, =
14.1 The main sources of errorin are from air gaps either

X between the specimen and the short or in the direction of the

known complex number, wherg =, ds. Solutions can be  gjecric field. Variations inc’ with the specimen lengtt, and

obtained(1) andk* calculated. due to turning it over may indicate a termination air gap. The
12.2.2 If tand is less than 0.1 and tand is less than 0.4, gap involved in Eq X3.20 should be Carefu”y evaluated. A

wheren is the number of half wave Segments contained in thQNe|ghted average, We|ghted by the sine Squared across the

specimen, it is a reasonable approximation to separate real agdide, may be used. Errors in loss arise mainly from imper-

Dividing by ds Eq 11 is of the formz™* tanhZ equal to a

imaginary parts in Eq 11 and obtai) fection of the probe coupling and from inability to determine
(Bxdy)  tanB,d = —(\g/2mdy) tanu @3) the lossex, Ax 5, andAy,. It may be helpful to verify the
. ) measurement system by measuring the loss of a standard
From Eq 2, assuming tahis small, reference material having low loss, especially wkérs of the
B, = 2m(k'N 2 — £\, )W (14) order of 9 to 10 (see Note 2 in 6.4.1).
which givesk’ after B, dg has been found in Eq 12 TEST METHOD B—RESONANT CAVITY
k' = [(Bl22m)% + N\, 2N 2 (15) PERTURBATION METHOD

Of course,\, is based on the size of the heated waveguide15 S
holder. The other part of Eq 11 gives - Scope
Ay 15.1 This test method covers the measurement of micro-
tand =4~ FG (16)  wave complex permittivity of dielectric specimens in the form
of rods, bars, strips, sheets, and spheres. The measurement

where: frequency depends on the available resonant modes in a
F=1-kk'\2 (17)  resonant cavity, which limits freedom of selection to a few
and values of frequency for a given cavity. Resonant cavities

exhibit very highQ values (2000 to 5000 or more) and are

(1 + tarfu) therefore inherently sensitive for low loss measurements. The

G = (1 + tarf B,d) — tanp,d/B,d) (18) perturbation method requires that the specimen be relatively
small compared to the volume of the cavity and that the
specimen must be positioned symmetrically in a region of
: . . thaximum electric field. Although resonant cavities are sensi-
”O”.‘ the metal walls around the specimen; corrections AGve to low loss materials, the small specimen size limits the

ava|lable(2., 7)- o ] ] precision attainable. Nevertheless, the method has several

12.2.3 Finally, a correction iR’ (at least, and ideally in tan  additional advantages besides reasonably good precision:
5 also) is required due to the air gap around the specimen. ;54 ¢ Although dimensions are important and must be

Theoretical treatmen(3, 8, 9) indicates that in rectangular measured accurately, the specimen does not have to have a

The paper on separatin@) Eq 12-17 from Eq 11 may be
consulted. The loss tangent in Eq 15 contains a contributio

TEyo guide close tolerance fit within the specimen holder as in Test
b
K =K s (19) Method A. . |
w— (B =Bk gqus 15.1.2 The calculations for the perturbation method are

whereb andb,, are the shorter cross-sectional dimensions of€latively simple, and do not require digital computers or tables
the specimen and guide, respectively, taking account of therm&f complex functions.
expansion. Some experimer(t)) disagree with Eq 18. The 15.2 The specimen shapes mentioned above have been used
calculation scheme in Appendix X1 uses experimental correcfor ceramics and ferrites as well as homogeneous organic
tions. materials. The thin strip or sheet is adaptable to laminates.
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16. Terminology relative complex permeability be of unit magnitude. Test
16.1 For definitions of other terms used in these tesMethod B is insensitive to permeability since the specimen is
methods, refer to Terminology D 1711. small and is introduced in a region where the electric field is
16.2 Definitions of Terms Specific to This Standard: maximum and the magnetic field is zero. Although most

16.2.1 electrical skin depthn—the effective depth of field dielectric materials have relative permeability of unity, there
penetration at high frequencies where electric currents ar@'® matep_als like ferrites where poth relative permittivity and
confined to a thin layer at the surface of conductors due to basRermeability are greater than unity.
electromagnetic phenomena.

16.2.1.1 Discussion-The skin depth for copper and silver 20- Apparatus
is approximately 0.002 mm at 1 GHz and decreases by a factor 20.1 Fig. 4 is a sketch of a typical rectangular test cavity,

of 10 at 100 GHz. which is in reality, a short section of rectangular waveguide.
16.2.2 high Q cavity n—a rectangular cavity having @  Metallic plates bolted or soldered to the end flanges convert the
greater than 2000. transmission line into a resonant box. An iris hole in each end

16.2.2.1 Discussior—Q defines the bandwidth (or sharp- plate feeds energy into and out of the cavity. The cavity
ness) of the resonance curve of field intensity plotted againstlectrical losses should be low, which requires tig to be
frequencyQ is the reciprocal of the electrical loss with a high greater than 2000 (see 15.1). A clearance hole centered in
Q indicating low electrical losses of the cavity and dielectricsopposite walls is provided so that cylindrical rod or spherical
and is obtained by optimum choice of cavity dimensions, usepecimens can be introduced into a region of maximum electric
of high conductivity metals (such as silver and copper) withfield. Strip or sheet specimens may be introduced by removing
highly polished surfaces (that is, surface roughness muchne of the end walls. A list of apparatus follows:
smaller than electrical skin depth at the test frequency). IQigh  20.2 Microwave Frequency Mete6-digit precision.
is enhanced by choice of large cavity volume to surface area. 20.3 VSWR Metersor equivalent power indicators, 0.1 dB
Surface irregularities or variations in flatness, radius of curvaer less sensitivity.
ture, or parallelism of walls, leads to spurious resonance modes 20.4 Crystal Diodes and Holderor bolometers.
which introduce electrical losses and lower the ca@ty 20.5 Directional Couplersor waveguide to coax adaptors.
16.2.3 microwave adj—referring to electromagnetic wave-  20.6 Microwave Signal Generatpradjustable frequendy.
lengths of 30 cm or less where the corresponding frequency is 20.7 Square-Wave Modulato(if VSWR meters used).
1 GHz or higher. 20.8 Variable Attenuator precision-calibrated, 0.1 dB or
16.2.4 resonant cavity n—an enclosure with conducting less uncertainty, range 10 dB or mdre.
walls which will support electromagnetic resonance of various 20.9 Variable Attenuato?.
specific modes dependent on the cavity geometry and dimen- 20.10 Isolators
sions, and on the integral number of half waves and their 20.11 Set Waveguide Hardwareoaxial cables, connectors,
directions of propagation as terminated by the cavity walls. etc.
16.2.4.1 Discussior— In practice, allowance must be made 20.12 Conventional VSWR meters contain high gain ampli-
for input and output coupling holes, probes, or loops. Openingfiers tuned to 1000 Hz. This requires 1000 Hz modulation.
or means of disassembling must be provided for introducindpigital frequency meters generally do not work on square wave

dielectric specimens. modulated signals. A100-MHz digital frequency counter plus a
transfer oscillator are often used by mixing a harmonic of the
17. Summary of Test Method oscillator with the microwave signal to get a “beat frequency”

17.1 The introduction of a dielectric specimen into a resonull on an oscilloscope. The counter reads fundamental oscil-
nant cavity lowers the resonant frequency and lowers}iné  lator frequency, which when multiplied by the number of the
the cavity. The permittivity and dissipation factor of the harmonic, is equal to the microwave frequency. This method
specimen can be calculated from measurements of resonaf@rks on either modulated or unmodulated signals.
frequency and of the cavity with and without the specimen, 20.13 A variation of the above system uses an unmodulated
and from cavity and specimen dimensions. When the specimefignal generator connected to a digital frequency meter, fol-
is small compared to wavelength, perturbation theory allowdowed by a crystal diode modulator or equivalent. This allows

simplification of the calculations. the use of sensitive VSWR meters. If modulation is omitted
entirely, microwave power meters can be used, but due to
18. Significance and Use lower sensitivity, a microwave amplifier may be necessary to

18.1 This test method is useful for specification acceptancd@iS€ the power input above noise level.

service evaluation, manufacturing control, and research and 20'13 Another approach dSUFSt'tUteS a mmrowaa/el r_ece|vedd
development of ceramics, glasses, and organic dielectric m%‘—est\%g yne systerrp instead o Sq‘jfjf? walve mg ulation an
terials. It has also been widely used for magnetic ferrites a meters. This requires an additional tuned microwave

Test Method A 893 oscillator, which beats against the signal generator to produce
' a difference frequency of around 30 MHz, which is then

19. Interferences

19.1 Test Method A is sensitive to magnetic permeabilityas—
well as dielectric permittivity. The test method requires that the °These items cover one band of frequencies only, such as X band (8 to 11 GHz).
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FIG. 4 Rectangular Microwave Cavity for Permittivity Measurements by the Perturbation Method

amplified by a tuned I.F. amplifier and detector to get a suitablenaterials with permittivity around 8 to 10. By the use of

indication on a d-c milliammeter. standard specimens, it is possible to introduce corrections
20.15 Fig. 5 is a block diagram of a typical microwave which will eliminate this error. Rod specimens at S-band
system for the resonant cavity perturbation method. frequencies (2.6 to 3.9 GHz) should be 3.20 + 0.00, —0.05 mm

) (0.126 + 0.000, —0.002 in.) in diameter.
21. Sampling 22.1.2 Spherical SpecimensThe diameter of spherical

21.1 Determine the sampling by the applicable materiabpecimens should also be small (approximately 10 % or less)
specification. compared to wavelength.

22.1.3 Strip and Sheet Specimer3he thickness of the
strip and sheet specimens should also be small (10 % or less)

22.1 Dimensions and Tolerances compared to wavelength.

22.1.1 Rod SpecimensThe diameter of rod specimens at 22.2 Rod specimen diameter should be measured by mi-
X-band frequencies (8 to 12 GHz) should be 1.64  crometer to within=0.0025 mm (0.0001 in.) at three locations
0.00, =0.05 mm (0.041 + 0.000, —0.002 in.). The active lengthalong the active length and at three radial locations around the
is the inside height of the waveguide cavity, 10.16 mm (0.4rod. These measurements are then averaged. Specimens of
in.). However, if the specimen is introduced through holes inother shapes should also be measured at several locations to
the wall, the specimen length should be longer than 12.5 mrobtain an average value of critical dimensions.

(0.5 in.) so that the ends protrude from the holes for conve- 22.3 Specimens should be clean and conditioned as required
nience in handling. If the specimen is made 25 mm (1 in.) longsince contaminants, moisture and humidity, may cause mea-
several measurements may be made along the length to chesltrement errors in permittivity and dissipation factor.

dielectric uniformity. The 1.04-mm (0.041-in.) diameter is ] ) o

rather small and may be difficult to fabricate. Some laborato23. Calibration and Standardization

ries have used specimen diameters as large as 2.03 mm (0.08@3.1 Principal requirements for calibration include mi-
in.) with a resultant negative error of approximately 2 % oncrometers and calipers, precision attenuator, and frequency

22. Test Specimen
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FIG. 5 Block Diagram of Typical Microwave System for Measurement of Permittivity by the Perturbation Method

meter. However, for overall calibration of the method, it isrepeats the value previously observed at resonance. Denote
desirable to obtain standard specimens of known permittivitythese two frequencies &g andf,.. They are the 3 dB or half
Such standard specimens should be periodically measured apawer points. In very low loss measurements, it is sometimes
check on accuracy. desirable to set the attenuator points at some higher value, such
asa =10 dB or more. Position the specimen in the cavity and

24. Procedure repeat the above measurements of resonant frequeranyd

24.1 Vary the frequency near the calculated resonant freside frequencied ,, and f,; at the o dB points. Care is
qguency of the empty cavity until resonance is indicated by arecessary in adjusting the frequency of the generator so as to
very sharp and large increase in the output power metearrive at the identical resonant mode used in the empty cavity.
deflection. Introduce an attenuation far=3 dB with the This is determined by always maintaining the generator fre-
precision attenuator. Adjust frequency carefully until powerquency above the calculatétl mode of the cavity.
meter indication is maximum. Note the power meter reading 24.2 Recordf,, fo, f 1o fo f 25 f1g @nd a. Also record
and measure the resonant frequeficyRemove the 3 dB of specimen identity, specimen dimensions, specimen condition-
attenuator and adjust frequency above and below resonanceita, cavity dimensions, room temperature near cavity, and
observe the two values of frequency at which the power meterelative humidity.
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25. Calculation 26. Report

25.1 Table 1 is a tabulation of equations for calculating 26.1 Report the following information:
relative permittivity (dielectric constant), loss index, and dis- 26.1.1 Specimen identity,
sipation factor (loss tangent). These algebraic expressions were26.1.2 Specimen dimensions,
arranged in this condensed form for convenience in comparing 26.1.3 Preconditioning,
the effect of various specimen geometries. Although Method B 26.1.4 Temperature of the specimen during the measure-
covers perturbation using small specimens, Table 1 alsment,
includes the expression for a specimen which completely fills 26.1.5 Relative humidity during the measurement,
the cavity, whereK’ is inversely proportional to frequency  26.1.6 Frequency, of the measurement, and
squared. The proportionality of the empty cavity loss to the 26.1.7 Values oK’ andD.
square root of frequency is also demonstrated. The calculations o )
for a full cavity and for small perturbation specimens are2/- Precision and Bias
relatively simple. Calculations for large specimens, where the 27.1 Primary and Secondary Parameters Permittivity
cavity is only partly filled, are considerably more complicated.and dissipation factor are calculated from equations which
25.2 Table 2 is an additional tabulation of expressiongequire measurements of three primary parameters. These are:
required to calculat& (quality factor) of a cavity from the electrical frequency, cavity dimensions, and specimen dimen-
frequency bandwidth of thex dB points on the resonance sions. It is obvious that the precision of the calculated value
curve. depends on the measurement precision of each parameter and

TABLE 1 Microwave Cavity Perturbation Calculations

Specimen Volume Optimum Relative Loss Index Dissipation Factor
pect v Dimension Permittivity K K" D=K"|K’'
FULL CAVITYA
d e W ¥
b = walh (=) KD Lo
ROD, BAR2
E T
2,
T < ki A';,°' A < wd P L Lp
RADIUS r
ROD2
P 2L 2L
}-.—W—D. xréw r<<h =P @-Pp PE-P)
te
SHEET
'O;
£ 1 4L AL
_% T wdb b<h 5= 4P B_ePP 5—%P
o rew—>
SPHERE
. e 1+2P 9L 9L
r<d = —_L
@ T Axrof3 r<h i-P @-PP [T +2PYa—P)
RADIUS r
p= Vel fc — 1s) 1 f. = Resonant frequency of empty cavity
Tav,f, + f, = Resonant frequency with specimen
L= Ve (1 1 Q. = Quality factor of empty cavity
Tav,\0, Q. Q. = Quality factor with specimen

A Perturbation method not used on full cavity; included for comparison only.
8 Specimen length shown is “active” length. Actual length longer, extends through holes in cavity walls.
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TABLE 2 “Q” Measurement of Resonant Cavity

Calculation Equation
1/Q = (fy — f)IBfy

a Attenuation cavity output power level with respect to the power level at resonance due to detuning frequency (in units of decibels).

| Frequency setting above resonant frequency which results in a decrease of a dB down from power level at resonance (in units of gigahertz).
fio Frequency setting below resonant frequency which results in a decrease of « dB down from power level at resonance (in units of gigahertz).
fy Resonant frequency of cavity (in units of gigahertz).

B (10%710 - 1)¥,

Example: When o =3 dB, B=1.00
a=10dB, B=3.00
Q Quality factor of empty cavity at specific resonant mode.
Qs Quality factor of the same cavity at the same resonant mode after inserting specimen.

on the nature of the equations used for calculation. In addition 27.1.4 Temperature-The permittivity and dissipation fac-

to the primary parameters themselves, there are secondatyr of many materials are a function of temperature. Also,
parameters which must be measured or compared in order tdectrical conductivity (and power loss) of the metallic cavity
obtain the primary data. Cavity input and output power arewalls is a function of temperature. Therefore, temperature
important secondary parameters which enter into a consideshould be maintained constant and should be recorded as part
ation of overall precision. of the test data.

27.1.1 Electrical Frequency-Digital frequency meters will 27.2 Contributing Characteristics-In addition to the pri-
measure microwave frequency with an uncertainty of only onenary and secondary parameters, there are other important
part in ten million. The frequency error contributed by acharacteristics of the method and test equipment which influ-
phase-locked frequency meter is negligible. However, if aence precision but are more difficult to evaluate quantitatively,
heterodyne technique with manually adjusted transfer oscillasuch as effect of cavity holes and imperfections, effect of
tor is used, some operator skill and judgement are required tgpecimen size, shape, and homogeneity.
null the oscilloscope pattern properly each time. Also, since 27.2.1 Specimen SizePerturbation theory requires that the
manual nulling requires more time than an automatic phasentroduction of the specimen into the cavity shall cause only a
locked meter, frequency drift of the generator source is moremall change in the resonant frequency. This means that
critical and may cause errors. Such errors may be minimizedpecimen size, or permittivity, should be small. See 22.1.
by repetition of readings until the desired precision is demon- 27.2.2 Iris Holes—Iris hole size should be minimum for
strated. The precision of frequency measurements is usuallyigh cavityQ and low loading effects. On the other hand, the
not limited by the precision of the frequency meter, but byiris hole size should be maximum to improve the signal-to-
precision in setting the secondary parameter:power level. noise ratio of the output power signal. In practice, a compro-

27.1.2 Power Leve-Microwave power meters or VSWR mise is necessary. A suitable hole size is shown on Fg1%
meters (indicators) are required to measure cavity input and 27.2.3 Specimen Hole-Specimens may be introduced into
output power. The input power is maintained constant at someavities by provision of removable end plates. However, in the
arbitrary level which must be high enough so that the outputase of rod and spherical specimens, it is more convenient to
power is above the electrical background noise level. Théntroduce the specimen through holes drilled in the cavity
output meter indicates maximum reading when the frequencwalls. These holes, and the fringing fields at the clearance
is tuned to resonance. It also indicates when output power is apace between specimen and hole edges, introduce small errors
the desired 3 or 10-dB level down from the resonance pealn permittivity and loss. If clearance is held to a few thou-
value. In the case of resonance detection, the principal requirgandths of an inch, the estimated error is less tha®% in
ment of the meter is sensitivity of the order of 0.1 dB or betterpermittivity and around 0.0002 in dissipation factor. Hole
In the case of the 3 or 10-dB power level indication, anerrors and corrections have been treated by Bussey and Estin
additional requirement is precision capable of repeating a give(1.2).
reading within 0.1 dB or better. If power level is measured with  27.2.4 Specimen HomogeneityThe ideal specimen should
a calibrated attenuator, there are no further requirements on thi® homogeneous and its shape uniform. For example, a rod
power meter. If instead, the power meter is used to indicatéhould have no taper. In practice, a certain amount of imper-
various power levels directly, then it must be calibrated for 0.ection is usually permissible. Taper and out-ofroundness of
dB uncertainty or less. If a crystal detector is used with 20.005 cm (0.002 in.) is accounted for by averaging several
VSWR meter, the power level must fall within the square lawdiameter measurements. Too much irregularity will cause
range of the crystal. errors. If the specimen has directional properties due to crystal

27.1.3 Linear MeasurementsSpecimen dimensions and structure, fillers, or laminations, it is necessary to use a
cavity inside dimensions must be measured to better precisiospecimen with orientation of the electric field as prescribed by
than that required for the calculated values of permittivity andthe application. For example, many circuit boards or striplines
dissipation factor. If specimen diameter is measured with aperate with the electric field perpendicular to the sheet. This
uncertainty of 0.25 %, the uncertainty of specimen volume willcalls for the thin strip or thin sheet measurement as shown on
be 0.5 %. Cavity volume remains relatively constant and need$able 1 where it will be noted that the electric field is also
to be measured only once. perpendicular to the plane of the sheet.

10
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27.3 Over-all Precisior—Over-all precision data are not is not required. The cavity resonant aQ@dproperties must be
available on all of the specimen shapes shown in Fig. 1stable and consistently repeatable after introduction or removal
However, for the rod specimen, with axial field, an uncertaintyof a specimen.
of 1 to 2% in permittivity and 5 % or 0.0002 in dissipation o
factor is possible. 31. Significance and Use

27.4 Standard SpecimensBecause of the difficulty of 31.1 This test method is useful to suppliers or consumers in
evaluating the combined effect of the Contributing Characterthe factory or in the laboratory. It can be used for sheet
istics (27.2), it is convenient to use standard specimengaterial, strips, bars, rods, tubes, cubes, disks, spheres, etc., as
fabricated from materials of known dielectric properties. Stanfong as standard specimens of known permittivities and of
dard specimens are useful in establishing confidence in biagentical size and shape are available. This method can be used
precision, and for trouble-shooting and corrective action.  to check dielectric uniformity within a lot of molded parts.

31.2 The same specimen used in audio or radio frequency

TEST METHOD C—RESONANT CAVITY METHOD measurements may be measured at microwave frequencies by
FOR SPECIMEN OF REPRODUCIBLE this method. For example, the often-used disk specimen
GEOMETRIC SHAPE dimensioned 50.8 by 3.18 mm (2 Bg in.) may be tested at

microwave frequencies up to X-band values without losing
28. Scope continuity of use of a chosen dielectric specimen. This capa-
28.1 This test method requires the specimen to be poshility can be useful in the factory or laboratory to evaluate new
tioned inside a resonant cavity. However, the restrictions Ofnaterials or for research and development. The use of the same
small volume of specimen demanded by Test Method B ar@pecimen for several frequencies can also save the expenses of
removed13). Also, the specimen does not have to be preciselyfapricating costly specimens from glass or ceramic materials.
formed to the inside dimensions of a Waveguide as in Test 31.3 Dielectric isotropy of materials can be measured by
Method A. The test specimen may possess any geometric shagglecting a specimen shape, such as a cube, which can easily be

that can be reproduced in a material of known permittivity. Italigned with respect to the direction of the electric field.
may also occupy a large proportion of the cavity volume at any

location in the cavity. Symmetry of placement with respect to32. Interferences

either microwave fields or the cavity geometry is not essential 32.1 Test Method C is responsive to magnetic permeability

but may be preferable. as well as dielectric permittivity. This method requires the
28.2 This test method covers a wide range of permittivityrelative complex permeability to be 1.0 + j0.0.

and dissipation factor values. This versatility is made possible

because of the freedom to choose advantageous size, shagg; Apparatus

and location of the specimen. 33.1 See Section 20.
28.3 Because the cavity dimensions do not contribute to the

calculation of results, considerable freedom is allowed or34. Sampling

tolerance of dimensions and geometry of the resonant cavity. 34.1 Determine the sampling by the applicable material

, specification.
29. Terminology

29.1 Definitions—For definitions used in this test method 35. Test Specimen

refer to Section 16. 35.1 Shape of Specimen
35.1.1 There are no restrictions except that specimen shapes
30. Summary of Test Method be such as to permit the fabrication of exact replicas from

30.1 The test method requires an experimental calibratiostandard reference materials.
for resonant cavity frequency versus permittivity of several 35.1.2 For materials that are expected to have high losses,
standard specimens. These standard specimens must be idéve specimen should be relatively small and conversely for
tical in size and shape to the unknown piece, and their use fanaterials with low losses.
calibration readings requires each specimen, in turn, to occupy 35.2 Dimensions and TolerancesDimensional accuracy
the exact same location in the cavity. A curve may be preparerequirements depend on the shape and size of the specimen and
that functionally relates the measured resonant frequency to titeey ultimately affect the accuracy of all measurements. These
permittivity of each calibration specimen. requirements apply not only to the unknown specimen but

30.2 The unknown specimen is positioned at the samequally to the calibration pieces used for obtaining resonance
location that was used for the standard specimens and thdata. Dimensional accuracies should conform to good machin-
cavity resonant frequency ar@are measured. The permittiv- ing practices. Typical tolerances for a 25.4-mm (1-in.) cube
ity is determined through direct reference to the previouslyshould be of the order-0.0075 mm (0.0003 in.) between
determined frequency calibration. An evaluation of tafor ~ opposite faces. For a circular rod or cylinder of nominal 25.4
the unknown is made through a simple calculation that includesam (1-in.) diameter, the tolerance may be closer (for example,
values of measured cavity and the slope of the permittivity +0.0025 mm (0.0001 in.)).
calibration curve at the resonant frequency of the unknown. o

30.2.1 Cavity dimensions are not included in any calcula-36. Calibration
tions and, accordingly, a resonator made to precision tolerances36.1 See Section 23.

11
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37. Procedure resonant frequency. An equivalent analytical expression repre-
37.1 Provide a set of standard reference specimens &eNting this calibration curve may be obtained through standard
accurately known, but differing, permittivity values that repli- Curve fitting techniques using polynomial algebraic expres-
cate accurately the unknown specimen size and shape. The¥€ns. transcendental functions, etc. Typically such an expres-
reference pieces should possess low-loss characteristics afi@n takes the form:
cover a range of permittivity values that will bracket the k' —1=AX+ BX2+CX + DX (20)
anticipated range of values to be encountered by the unknown
specimens. Low-loss materials with permittivity values up to
100 may be purchased from various suppliers. For some X — [(E)Z_l]
circumstances, the consumer can provide his own standards by

where:

f

making preliminary measurements using Test Methods A or B The coefficientsA, B, C, Dnumerically define the functional
on dielectric materials possessing the desired range of permitature of a particular specimen-cavity relationship, and
tivities.

37.2 Choose a location in the cavity where measurements ,
are to be made and through the successive use of each of t
calibration specimens obtain the resonant frequency of the¢

cavity for each calibration piece of known permittivity value. 3 reson_ant f_requency_of cavity V.Vlth aspecimen.
37.2.1 Materials that are expected to have high losses For the calibration curve illustrated in Fig. 6, the calibration

should be located in the cavity at regions where the eIectric(,‘:oemments rl\ave the Villsze;: .

fields are relatively weak. The converse preference pertains to 5 00,0000 pt
materials that have low loss properties. ) ) .

37.3 The functional relationship between measured resonant 37-4 Introduce the unknown specimen into the cavity at the
frequencies and permittivities of the various calibration speci€Xact location previously occupied by the calibration speci-
mens may be graphically recorded or analytically represente@€n- Vary the applied frequency and recégdf,, foq, fs fis
through a mathematical expression. The choice is optionafNdfs as directed in Section 24.
however, prepare either so that resonant frequencies are relatgg Calculation
accurately to the permittivity of a test specimen. A typical ™"
calibration curve for a cubic specimen is illustrated in Fig. 6. 38.1 From the graph of permittivity versus resonant fre-
This graphical example illustrates the resonance curve th&tuency (or from its equivalent mathematical equation) obtain
results from the variation of permittivity of a 25.4-mm (1-in.) the value of the permittivity from the observed valuefQf
cubic specimen located in 101.6-mm (4-in.) cubical cavity and 38.2 Calculate or graphically determine the value of the
with its sides parallel to all cavity walls. Additionally, the cube derivative df; /d«’ at that value ofc’ found in 38.1. The
rests on the bottom cavity wall surface at a region of strongestlope may be evaluated using either resonant frequency or
electric fields generated by BE,,, mode of excitation. The departure from resonant frequency as the abscissa.
abscissa of the graph is chosen for the frequency coordinate 38.3 Calculate ¥ Q. and 1/ Q; through standard proce-
since this quantity becomes the independent variable for thdures based on cavity measurements with and without the
evaluation of unknown specimens. Abscissa values may bénknown specimen. (See Method B procedure and Table 2.)
plotted for either actual recorded values of resonant frequen- 38.4 The value of the specimen loss tangent is:
cies or for frequency departures from the empty cavity value of s K" (-1 f ( 1 1 >

K Q. Q

S

permittivity of specimen,
resonant frequency of empty cavity, and

00.0000
130.1460

K = 2df.Jdk) K (21)

This calculated value is rendered positive through the
6 inherent negative value of the derivative function.

39. Report
39.1 See Section 26.

40. Precision and Bias

40.1 Although precision of results attainable by this test is
quite good, specific precision numbers cannot be quoted
because of the arbitrary circumstances under which tests may
be arranged. Precision figures may, however, be assigned a

Permittivity, k'
W
i

L , Resonant Frequency, Miz (f5) , given test arrangement after the geometry of the specimen and
oo 2050 2000 1950 1900 its location in a chosen cavity is decided upon. For example,
— . + ' | precision associated with the cubic specimen test noted under
0 50 100 150 200  37.3 typically yield permittivity evaluations within 0.5 % and
Frequency Departure, MHz (fe-fg) loss tangent calculations within 4 to 5 %, or less, dependent to
FIG. 6 Resonant Frequency for 4-in. Cubical Cavity Containing a a large degree on the precision of measurable differences
1-in. Cubic Specimen betweenQ . and Q.. Precision values of these orders of

12
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magnitude, or smaller, are typically available for all test 40.2.3 Accurate assignment of permittivity values for the
configurations in which sufficient electric field energy is storedstandard specimens,
in the specimen. The overall caviy must also be sufficiently 40.2.4 Good resonant cavity experimental techniques per-
high to yield clearly defined resonances from which threetaining particularly to:
decibel frequencies are measured. A specimen size and its40.2.4.1 Choice of optimum location of test specimens,
location in a resonant cavity should be optimized to enhance 40.2.4.2 Identical placement of unknown and standard
measurable differences betwe@nandQ.. In most cases, such specimens,
optimization procedures are quickly performed on a trial and 40.2.4.3 Consistency of closure to preserve inherent electri-
error basis before the required calibration replicas are madeal properties of test cavity (dimensions and contact resis-
and used. tance), and
40.2 The following must be considered in order to realize 40.2.5 Choice of value ok (Table 2).
maximum usefulness from this test method with particular
attention to materials of high permittivity or high loss. 41. Keywords
40.2.1 Practical choice of specimen shape, 41.1 complex permittivity; dielectric constant; dissipation
40.2.2 Preservation of accurate, identical dimensions for aflactor; microwave; permittivity; perturbation; resonant cavity;
standard specimens, shorted transmission line

APPENDIXES
(Nonmandatory Information)

X1. SUGGESTED CALCULATION SCHEME

X1.1 Calculations are discussed in Réfs 4, and 7)The X1.1.3 [1] 8,,—Coefficient of linear thermal expansion of
scheme given below may be used. In this scheme, a number holder,
brackets will identify an item of the sequence given in Table X1.1.4 [2]5.—Average coefficient of linear thermal expan-

X1.1. The input data, Items [00] to [12], are as follows: sion of specimen to test temperatdre
X1.1.1 [00] A4 @s measured, X1.1.5 [3] 8/—Total fractional expansion td, may be
X1.1.2 [0] T—Temperature in °C, used to find [2] a$ /AT,

TABLE X1.1 Shorted Wave Guide Dielectric Computations
€=2.997 X 10 *° cm/s or 1.180 x 10* % in./s in step [18] (see X1.3)

Quantity to Code Coded . Code - . Code Coded
Be Deter- Num- Derivation Value antn tlty_to Se Num- Codoed Dﬁrlvatlon Value an?t'ty _to 36 Num- Derivation Value
mined ber  [Operation] etermine ber [Operation] etermine ber [Operation]
|
Ags [00] input 1-P [21] 1 -120] 1= k<26 vk’ [42] [41] [39]
T, °C [0] input \VI-P [22] [21] Ky [43] [39] + [42]
Il
Buy [1 input Agn=NM\/I—P [23] [8] +[22] 2.6 = k,<5.2 £ [44] 4.16 [28]
d [2] input [24] [16] + [23] Ko [45] [39] + [44]
a*INgn
1]
¥ [3] input 2md*sMgn [25] 2m[24] kg =52 K3 [46] [39] + [41]
f [4] input Ngn/2ma*y [26] [25]* Ax=Ax, = Ax;> 0 [47] [12]-[11]
a, [5] input b*/b*,, [27] [15] = [14] Axld *g [48] [47] ~ [16]
by, [6] input 1- b+ /b, [28] 1-1[27] Plk,=1,2,3 [49] [20]+ [43]
by [7] input X = X1 [29] [10] - [9] [45]
de [8] input (X2 = X1)/Mgs [30] [29] + [00] [46]
Xy [9] input 0<[31l] =% [31] N/2 - [24]* [30] F [50] 1-[49]
Xo [10] input u [32] 2w [31] tan? u [51] [33]?
Ax, [11] input tan u [33] tangent look up X tan? u [52] [35] [51]
AX, [12] input tan x/x [34] -[33] [26] X+ x tan® u [53] [35] +[52]
ax, [13] A X [35] table look up tan x [54] -[34] [35]
b*,, [14] A 9> [36] [26] [35] tan? x [55] [54]%
b [15] A g- [37] [36)? X tan?x [56] [35] [55]
a, [16] A P-1 [38] [37]-1 X+ xtan? x [57] [35] + [56]
N\ = 2a%,, [17] 2 [13] K’ [39] [21][38] +1 X + tan? x-tan x [58] [57] - [54]
N [18] c/f k' =1 [40] [39]-1 G [59] [53] + [58]
Me [19] [18]+ [17] v [41] [28] [40] (1 - Plk;)G [60] [50] [59]
P=(N\)? [20] [19]? loss tan & [61] [48] [60]

Ag¥ = go(1 + (T - 23))
b* = bo(1 + 3(T - 23))
o = dy(1 + 3(T - 23))
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X1.1.6 [4]f —Frequency, X1.1.11 [9, 10, 11, 12]-4, X 5, AX,;, andAx, as measured

X1.1.7 [5]a,,—Larger width of waveguide, in 11.1, see Fig. 1 and Fig. 2.

X1.1.8 [6] b ,—Smaller width of waveguide, both at room
temperature (23°C),

X1.1.9 [7] b .—Dimension of specimen that fits, (Fig.

X1.2 Items [13] and [16] convert any dimensian, by, or
do(at 23°C) toa*, b*, or d *, its proper value at temperatuiie
wherea* = a5(1 +8(t — 23)) etc.

X1.1),
X1.1.10 [8] d «—Longitudinal extent of specimen (Fig. X1.3 All dimensions may be either in centimetres or in
X1.1), and inches. Item [18] then requires the velocity of light in air, in

the same units; use 2.997 10" cm/s or 1.180x 10*%in./s at
sea level. Actuallyc is a function of the air temperature, but
this is neglected.

X1.4 TheNin Item [31] is chosen as discussed below Eq
8. The solution of tan/x in Item [35] gives multiple values;
choose the root that gives the expected valu€ off this is not
known, an independent measurement at another frequency, or
with d ¢ different, is required. Tables of taxix versusx are
available(1).

X1.5 The corrections for the fit of the specimen, Items [42]
to [46], use empirical resul{d0). To getk’ relative to vacuum
multiply by 1.00061 (sea level conditions). The loss tangent
calculation here is simplified (see 12.2.2 and section 12.2.4 for
FIG. X1.1 Specimen Configuration (Shown Within Waveguide) references on further corrections).

X2. SOURCES OF ERRORS

X2.1 The stability of the generator must be good enough sbetween the slotted section and the load. These effects are not
that the node position and width are repeatable in timeevaluated here. Their presence may be detected by disagree-
Frequency should be stable to 1 part ir.10he probe depth ment on specimens of different lengths. However, another
should be adjusted for moderate insertion. Too much insertiogource of error is higher mode resonances of the specimen.
pulls the standing wave pattern; too little aggravates the effecthese resonances are affected by specimen length. To verify
of variations in probe depth as the carriage moves, thughether angle tolerances and the flatness of the specimen and
contributing to a false “slope” of the line. the termination are adequate, measurements’ athould be

X2.2 Generally, the standing wave pattern in the line movesepeated with the specimen rotated 180° about an axis parallel
when the specimen is put in. This may change the small lossdg the axis of the transmission line. The two values‘ashould
and reflections occurring at joints and bends in the transitio@gree to within 0.5 %.

X3. TENTATIVE REFINEMENTS IN THE METHOD FOR INCREASED ACCURACY

X3.1 Refinements of the specimen may be rounded slightly so the end surface
X3.1.1 Sections 1-5, 7, 10 and 11, Refs and 4), and  Seats flat against the termination with no air film between the

Appendix X1 and Appendix X2 are used in their present formsurfaces. The lengtll, shall be suitable fo_r the measurement;
with no revisions. Refinements in Test Methods D 2520 havé length of 10 mm (0.4 in.) may be used in 10 by 23 mm (0.4
been incorporated into Sections 10 and 12 that appear in they 0.9 in.) rectangular waveguide. With high-loss materials the
revised form as the following part of Appendix X3. length may be limited by the electrical criterion given fotan

din 12.2.2.
X3.2 Test Specimen

X3.2.1 The transverse dimensions of the specimen shaff?"3 Calculation
leave sufficiently small air gaps so that the relative X3.3.1 Measurements Transformed to Input Face of
correction, -1 +'/x' _ in Eq X3.20, is less than 3 %. For Specimea-When measurements are made at elevated tem-
alumina in rectangula? guide a relative air gap less than 0.3 %eratures, the guide width and the guide wavelengthyary
is required, and in coaxial line the air gap around the centebecause of the temperature gradient between the heated section
conductor should be 0.3 % or less. The front and back faceand the cool (room temperature) slotted section. Fortunately
shall be parallel within 0.01 mm (0.0004 in.) and perpendiculathe argument of the tangent in Eq 6 may be found, assuming
to the axis of the transmission line within0.05°. The corners the change i\ 4 is not abrupt. The correct argument is
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U =2m[N/2 — d/\ g = (% — X)/Ngd (X3.1) (Ko/v2) tanhy,ds = [Pohge(1 — jr tan w]/[j2m(r — j tan u)]

wherely, is calculated for the empty heated dielectric holder
section from the dimensions duly adjusted for thermal expan- Dividing by d, Eq 11 (X3.8) is the fornz * tanhZ equal to
sion. In Eq 7 (X3.1) the plus sign is used if the scale for a known complex number, wheie = v ,d.. Solutions can be
increases away from the short, the minus sign if the oppositebtained(1) andk* calculated.

N is the smallest integer 0O, 1, etc., that makegositive. To X3.3.2.2 Iftand is less than 0.1 andtans is less than 0.4,

(X3.8)

calculaten 4, use the general equation: wheren is the number of half wave segments contained in the
N 2= A"2= 22 (x3.2)  Specimen, itis a reasonable approximation to separate real and
¢ imaginary parts in Eq 11 (X3.8) and obt&in)
where: _
N=c/f = free space wavelength, and (B0 tard = —(\g/2mdy tanu (X3.9)
e = cutoff wavelength calculated from the dimen-  From Eq 2, assuming tahis small,
sions. B,=2m(k'\ 2= \.)/2 (X3.10)

For theTE,, mode rectangular guide discussed belows 2 27 eme ¢ '
a* where a* is the wide dimension. which givesk’ after 8, d; has been found in Eq 12

The node widths\x; anddx,, 1 =empty, 2 =with sample, k' = [(B/2m)2 + N\ 2\ 2 (X3.11)

contain contributions from the metallic losses of the line. The ) } )
empty widthAx, is investigated by measuring the width attwo ~ Of course . is based on the size of the heated wave guide
or more successive nodes, or by means of a quarter wave deBplder. The other part of Eq 11 (X3.8) gives

(nearly lossless) shorted termination, and divided up into end tandy) + sample= FGAX/dg (X3.12)
loss and loss per half wave length distance along the line, that .
is, where:
Ax; = Ax, + NAXg (X3.3) F=1-\7\E (X3.13)
where: and
Ax; = width of node contributed by termination, G=(1+tarfu)/[(1+ tarf B,d) — tanB,diBl,d] (X3.14)
Axs = mgtha%%ntnbuted per half wavelength,42, on the The paper on separatin@) Eq X3.9 to Eq X3.14 from Eq
N, = nurﬁber of half wavelength from the termination to X3.8 may be consulted. The loss tangent in Eq X3.12 contains
the place wherex, is observed, = 2(x+ X ;)/A a contribution from the metal walls around the specimen;
il gs

If Ax, is obtained while using an assumed lossless quart crorrect|ons are availabl@, 7, 8).The losses contributed by the

wave short as a termination, thase = Ax,/N,. Definemas the erminating short and the walls around the sample must be

fractional number of half wavelengths from the sample face tosu_b_tracted from.E_q X3.12._Wavenumbers are convenient in
the place wherex, is measured. writing the remaining equations. Define

M= 206 + % — Dlge (X3.4) k= 2m/\; ko = 2m/\g kg = 2m/\g,  (for the empty Imé.(xs.ls)

The width transferred to the input face of the sample is: The possible extra loss of the termination contract may be

Ax = Ax, + X mAxg (X3.5)  accounted for by a ratio of skin depth deduced fram, and
If Axg varies with distance due to temperature or metallicAXs.
changes then it should be treated as a varialg( x). R=8/55 = Axgy(bk? + ak?2)/Axsabk;, (X3.16)

If the sample holder is a shorted section of line that is an odd .
number of quarter wavelengths deep, and the thickness of the T_he gqulvalent loss tangent of the metal around the sample
sample is chosen so that the mogés atx, + d, then minimal ~ '€9ion in the absence of the sample is
currents cross the connector plane. In this case, based on tandy e = (AX/d; + 2AXg/Ag)K g, 7K (X3.17)
metallic areas and no joint behind the sample, it may be

assumed that The change in the metallic losses in the presence of the

sample is expressed by means of:

Ax, = Axg abl[2(a + b)d] (X3.6) s e )
wherea andb are the transverse waveguide dimensions. tZEBx::j: = K2 _kckcz (X3.18)
X3.3.2 Equations to Be Solved s , s ,
X3.3.2.1 The standing wave ratiat the face of the sample (K k2+ 2bk°2/a A ZRb(sz 750 )/d5>
is obtained fromAx using 6 = 2mAX/Ay (6) in the equation K™+ 20k a + 2Rbk™ = k. %)/ds
F = (1+ 2/(1 — co®)/ 2 ~\ ymAx (X3.7) wherea andb are the wide and narrow guide dimensions

_ ) o ~ respectively. Finally the loss tangent of the specimen alone is
The approximate form of Eq X3.7 is Eq 5, which is sufficient gjyen py

for low losses. Withr andu known the measured impedance,
Eq 6, is known and equals the impedance at the sample face,
Eq 4. These are equated: using Eq X3.12 and Eq X3.18.

tand = tand,q + sample — tan Byall,s (X3.19)
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X3.3.2.3 Finally, a correction iR’ (at least, and ideally in corrections. In a coaxial line the equations through Eq X3.14
tand also) is required due to the air gap around the specimerand Eq X3.17 are correct if the limit is taken Rstends to
Theoretical treatmen(3, 8, 9) indicates that in rectangular infinity. Equations Eq X3.16 and Eq X3.18 are specific to the
TE,, guide TE,;, mode rectangular waveguide. Analogous equations are

K = K xaaa[DBy — (B = DK’ gqxe10] (X3.20) available(2, 8) for coaxial line. In coaxial line the equation

. . . imilar to Eq X3.20, for very small air gaps is
whereb andb,, are the shorter cross-sectional dimensions ofS . y gap

the specimen and guide, respectively, taking account of thermal K con = K'(k" — 1) (3a/a + Ab/b)/In (b/a) (X3.21)
expansion. Some experiments0) disagree with Eq X3.16. wherea and b are now the inner and outer radii of the
The calculation scheme in Appendix X1 uses experimentatonductors respectively.

REFERENCES

(1) Westphal, W. B., Chapter Il in A. R. von HippdDjelectric Materials (8) Westphal, W. B., “Techniques of Measuring Permittivity and Perme-
and ApplicationsThe M.I.T. Press, John Wiley and Sons, New York, ability of Liquids and Solids ... 3 c/sec to 50 kMc/s,” M.I.T. Laboratory
NY, 1954; or see Roberts, S., and von Hippel, A.®urnal of Applied for Insulation Research, Cambridge, MRgport No. 36 July 1950,
Physics JACHR, Vol 17, 1946, p. 610. Chapter VIII-H.

(2) Westphal, W. B., Chapter Il in von Hippel, A. RDjelectric Materials ~ (9) Gevers, M., “Measurement of Dielectric and Magnetic Properties of
and ApplicationsThe M.I.T. Press, John Wiley and Sons, New York, Solids at Microwave FrequenciesProceedings Symposium on
NY, 1954, Appendix II. Precision Electrical Measurement, Paper No. 3, Her Majesty’s Statio-

(3) Bussey, H. E., and Gray, J. E., “Measurement and Standardization of nery Office, York House, Kingsway, London, England, 1955, pp. 1-16.
Dielectric Samples,IRE Transactions on Instrumentatiowol 1-11, (10) Bowie, D. M., and Huminik, J., Jr., OSU-WADC Radome Sympo-

No. 3 and 4, December 1962. sium, Columbus, OH, June 1958.

(4) Altschuler, H., Section 9.05, in Sucher, M., and FoxHandbook of  (11) Bady, I., and Collins, T.,“ Dielectric Constant and Loss Tangent of
Microwave Measurement8rd Ed., John Wiley& Sons, New York, Microwave Ferrites at Elevated Temperaturd§EE Transactions
NY, Vol Il on Microwave Theory and Techniqu&sl MTT-11, No. 4, July 1963,

(5) Ginzton, E. L.,Microwave MeasurementdMcGraw-Hill Book Co., pp. 222-226.

New York, NY, 1959, Table 5.3; or von Hippel, A. RDielectric (12) Bussey, H. E., and Estin, A. J., “Errors in Dielectric Measurements
Materials and ApplicationsThe M.I.T. Press, John Wiley and Sons, Due to a Sample Insertion Hole in a CavityRE Transactions on
New York, NY, 1954, Chapter Il, Appendix IlI. Microwave Theory and Techniqueéél MTT-8, 1960, pp. 650-653.

(6) Ginzton, E. L.,Microwave MeasurementdcGraw-Hill Book Co., (13) Rueggeberg, W., “Determination of Complex Permittivity of Arbi-
New York, NY, 1959, Table 5.2. trarily Dimensioned Dielectric Modules at Microwave Frequencies,”

(7) Dakin, T., and Works, C., “Microwave Dielectric Measurements,” IEEE Transactions on Microwave Theory and Techniguesl
Journal of Applied Physigsvol 18, 1947, p. 789. MTT-9, No. 6, June 1971, pp 517-521.

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above address or at
610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website (www.astm.org).

16



