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FOREWORD

This report was prepared by the Massachusetts Institute of
Technology, Laboratory for Insulation Research, Cambridge,
Massachusetts, under USAF Contract AF 33(615)-2199. This
contract was initiated under .Project No. 7371, "Exploratory
Development in Electrical, Electronic, and Magnetic Materials,"
Task No. 737101, "Dielectric Materials.'" The work was
administered under the direction of the AF Materials Laboratory,
A Research and Technology Division, with W, G, D. Frederick
acting as project engineer,

This technical report has been reviewed and approved.

ULES 1. WITTEBORT
Chief, Thermal and Solid
State Branch
Materials Physics Division
AF Materials Laboratory
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MEASUREMENT OF DIELECTRIC PARAMETERS OF HIGE-LOSS
MATERIALS IN DISTRIBUTED CIRCUITS

by

W.B. Westphal

Taboratory for Insulation Research
Massachusetts Institute of Technology
Cambridge, Massachusetts

Abstract: Measurement techniques for determination of the complex
dielectric constant and complex permeability are given a short
review with emphasis on the problems encountered in practical

high-loss materials. Typical calculations and descriptions of
special sample holders are included.

Introduction

For purposes of discussing measurement techniques, we can divide

electromagnetic energy-absorbing materials for perpendicular impedance
into several categories.

1. In uniform materials the macroscopic parameters * and p* are
invariant along the axis of wave propagation. They may be {(a) isotropic
or (b) anisotropic, depending on whether or not these parameters are the
same in other directions also. When reflected as well as traveling waves
are considered, the question of reciprocity arises, and additional classifi-
cations are: (c) for reciprocal materials, (d) for nonreciprocal.

2. Uniform-layered materials are composites of layers, each layer

being uniform, and the thickness of the junction is very small compared
to wavelength in adjacent layers.

3. Nonuniform materials have * and/or u*, varying gradually along
the axis of propagation. The nonuniformity may arise from external
shaping (tapers) or gradual change in chemical composition or loading.
Combinations of uniform and nonuniform layers constitute a nonuniform
material. ‘




Obviously all layered materials may be symmetric or unsymmetric
in reference to their center plane.
Composite materials of mixed ingredients are uniform if particle

cmpared to wavelength and if the materials are homo-

sizes are small ¢
geneous. Clumping of particles causes electrical inhomogeneities; the
measured values of ¢ and p* will then be dependent on sample thickness

and how the measurement techniques are affected by scattering.

Measurement Techniques

The general methods for determining both ¢* and Jf* are (a) the in-
put impedance measurements with sample in two positions using resonant
cavities or standing-wave detectors; (b) perturbation measurements with a
small sample in two positions of rescaant cavity; (c) combination of input
impedance and transmission measurement.

In (a) the use of resonant cavities is limited by the need for at least
moderately high loaded Q's (50 or more) to obtain accurately measurable
amplitude resonance characteristics. When approximate sample properties
are not known before measurement, this is a severe restriction. The
standing-wave method limitations arise at much higher values of loss
(lower values of impedance) when the sample in both positions has the
same impedance, that of an infinite-length sample. Then only the
ratio ¢* /p* will be measured with poor accuracy, because the separation
of node and sample face will be very small. Figure 1, for nonmagnetic
materials, illustrates the difficulties. The X, values are generally small
fractions of a wavelength, and inverse standing-wave ratios are high
except for materials having very high ' values and/or very high tan &
values. Also the fractional errors in dielectric constant and loss are
always nearly twice the error in experimental quantities because of the
aﬂ‘urc-lavi dependence. For example. forx'andtan6 =10, E_. /E =
<. 015 and x /\ = . 012 or approximately 2' (ax/\). If the node position is
located to within 1/20 of 4x, a reasonable exror, and E_, /E __ is
accurate to 5%, the resultant error in k" is 14%.

In the two-position measurement system, good results depend mainly
on having a thin enough sample to avoid "infinite-length" conditions and
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Fig. 1. Inverse standing-wave ratio and xo/\ for "infinite-

length' nonmagnetic materials (TEM mode).

making good contact with the metallic conductor(s). If the approximate
magnitude of the product c'/eo-y'/uo is known, the physical thickness
of sampl+ for an electrical thickness of 0. 3 radian can be readily
determined (Fig. 2). This thickness assures good measurements in the

sense that the experimentally measured quantities vary almost linearly

with sample parameters, and ncarly separate measurements of electric

and magnetic parameters are achieved. Also higher order modes can

hardly exist. Limitations of the method arise when sample thickness

oy

PV TR

must be so0 small to achieve electrical thinness that the sample no longer
is representative of bulk material; e.g. ., evaporated {ilms often have

different electrical parameters.
High-constant and/or high-loss samples require good contact with
the conductor{s) in the measurement system. For example, in a l-inch :
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Fig. 2. Sample thickness d {in cm) for electrical thick-
ness of 0. 3 radians for various magnitudes of

(*/e o)(p'/po) versus {requency.

60 -ohm coaxial line a clearance of 0. 0005 inch on the center conductor
causes a 13% error in measuring a material with k' = 100. Correction
equations and charts are given in the Appendixesll and 11IC. Usually

the clearance cannot be defined with sufficient ac.uracy for good measure-
ments and intimately bonded electrodes should be added. To avoid leakage
and insure contact the sample holder of Fig. 3 is used. A peripheral

coat of silver paint is allowed to overflow onto the faces which are clamped
between silver conductors, one of which is thin-walled and collapses to
accommodate variations in sample thickness. The samples must be
strong enough to withstand the compressive strain; repeated use dulls

the tubing edge which can be reformed by lathe turning. The silver on
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Silver inlay\

Thin wall silver tubing

Fig. 3. Method of clamping silvered sample in coaxial line.

the faces introduces additional fringing field and limits the accuracy of
measurements to about 5%. A better arrangement uses coated samples

soldered to thin-walled tubing as shown in Fig. 4.

Solder . ) Sample
Thin wall silver

tubing

Fig. 4. Soldered sample in a thin-walled (0. 005 to 0. 010" tubing.

In measuring the magnetic properties of materials, ring-shaped
samples are sometimes used in a co:xial line or cavity. b This procedure
leads to a different and more subtle source of error. If the electrical
thickness along either the ax:al or radiai direction exceeds 0. 3 radian,
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\ line

(b  H-FIELDS

Fig. 5. Magnelic ring sample in coaxial line: (a) physical
arrangement, (b) electric and magnetic fields in
radially thin sample, {c) electric and magnetic
fields in longitudinally thin sample.

other 1aodes exist which are readily coupled by the magnetic field as
sh-wn in Figs. 5a and 5b. Good contact at coaxial conductors by a full-
sized sample reduces chance for this type of error. Highly conducting
samples car give false diamagnetic readings caused by eddy current
skielding of the sample interior.

+ In hellow waveguide the same ideas apply, but in addition one can
possibly deform the center of the broad faces of rectangular guide to
make contact with a sar-:.le coated on the longer edges only (Fig. 6).

The two-position, thin-sample technique gives best separation of
electric and magnetic parameters. When thick samples only can be used,
the input-impedance measurement gives the ratio K;_n/lc‘ and the difference
in loss angles. Since :his is essentially a measurement of the ratic of
magne=tic to electiic field strengths, namely, ratio of two different kinds of
units, thia determ.nation will be done with less precision than achieved

in measurement of the propagation function. The latter can be measured

st




Thin wall wavequide

Fig. 6.

Sample clamped in a
thin-walled ( <0,10")
waveguide.

Rectifier & tuned
audio null indicator

i Standing
o =t [SOlOtOr pd  wavVE Sample holder h
o ‘ indicator
- Oscillatorl-r
o Phase | | Variable
=i [solator p=t .
Square shifter [ | attenuator
] wave
. modulator
1
1 Fig. 7. Equipment for measurement of input impedance
and transmission.
{ with either electric or magnetic indicators.

and transmission.

Figure 7 is a schematic
diagram of equipment for combination measurement of input impedance
A suitable phase shifter for coaxial line is shown in
Fig. 8. The calculation procedure follows the two-position method
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Klystron

* Fig. 9.
t cavity Video s d .
lifier uggested cavity measure-
Sow-tooth omen ments for determining "
generator Differential of conductors. Laser head
omplifier would be mounted on cavity.

1 Oscilloscope ¥ Sample surface is bottom

of measuring cavity.

Electronic
switch

except that Z,,/Z,, and y, (e. g., 12 and 15, Appendix ID) are given di-
rectly by the input impedance measurement and the chang: in amplitude

and phase per unit length of sample increase.

Metallic materials, even as thin foils, have attenuations greater
than can be readily measured in transmission. The sample can serve as
a conducting wall in a waveguide, a resonant cavity, or surface-guided
wave system. A proposed measurement system is shown in Fig. 9. A gas
laser interferometer is suggested to measure the position of the cavity
wall, so the smail changes in resonant frequency due to the u' term can
be detected. Measurements of the complex permeability of iron were

made some years ago by Dr. Rado at NRL. 2 He superimposed a

saturating magnetic field to reduce y* to Kk, to establish a nonmagnetic
reference condition in a coaxial cavity with the sample serving as center
conductor,

\ The small-sample technique is similar to common ferromagnetic reso-
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Signal '
enerator ‘
7\ Ze ( 9
N Square wave A~ Tuning
modulator plunger

C _._].l_ ?G Tuned oudio L Measuring

frequency amplifier
with output

indicator !
Travelling

detector | _lsond |

Fig. 10. Lumped-capacitor sample at end of coaxial line: (a) sample in
line, (b) equivalent circuit, (c) equipment arrangement.

nance experiments3) with external d-c field. A spherical sample placed in
two positions in a cavity, or in two different cavities, a;)lows both ¥ and
derived from magneto- and electrostatics, the diameter of the sphere
should be 0.1 radian or less. At high frequencies very small spheres
(0.005-inch) are required, and surface finish beccmes important. To
cover a wide range of frequencies, a series of spheres are required,

p.* to be determined. Since the dipole field corrections ' used are

For nonmagnetic materials, rodlike samples can be used as lumped
capacitors at the end of & coaxial line (Fig. 10). _
Measurements on uniform-layered materials with parallel electric
Iiclds to determine ¢* and u* have progressively less meaning when |
; the electrical thickness along layer rises above 0. 3 radian.
é With uniform-lavered materials, the two-position method for mag-~
netic dielectrics or the single-position measurement of nonmagnetic
dielectrics have progressively less meaning as frequencies rise, so that
the total electrical thickness exceeds 0. 3 radian. In an extreme case
the measurements are meaningless as an example will show. Figure 11
shows a symmetrical-layered sample having nonmagnetic parameters
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K'=3 | x' =100 K'=3

6 = tan 6=0.1}6 =0
Thickness (in radians) 0.512 0. 300 0.512
Relative physical thickness 10 1 10

Fig. 11. A nonmagnetic thr:e-layer dielectric.

for simplicity. Measurements against the short circuit place the high-~
constant portion in 4 region of high field strength and and give an effective
k' value of 9.22 and an equivalent length of 1. 88 radians. In the open-
circuit measurement, the high-K center receives lower field strength,
the effective constant is 7. 78 and the length is 1. 73 radians. The com-
bined two-position calculation gives k' = 7.4 and Ken = 0.44. The average
K value in a uniform field is Zdlxi +dyn, = 7. 68. If many of these three-
layer laminates are stacked, the phase change and attenuation per unit
length will vary as each laminate is added, but if enough layers are used,
an average value can be defined (if only one mode exists). Because of
internal reflections between successive high-xk layers, the K and tan &
values obtained will not be the same as the uniform-field value. Witha
thicker high-x section, the difference would be appreciable. The same

reasoning regarding the necesaity for overall thinness applies to nonuniform

layers.

Thus absorbers are best defined by input impedance (or reflection
factor) as a function of angle of incidence, not by attempts to measure or
define ¢* and p*

.
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APPENDIX 1

Calculation Procedures for Standing-Wave Methods

; A. General Notation:

X
o

AN

Ax = width of minimum with measured at twice minimum power

distance from face of sample (Fig. Al.1l) to first minimum.

node shift toward short with introduction of sample (Na-Ns).

points (Z/.I current ratio with square-law detector) corrected

for line loss between minimum and sample face.

N g = node reading, sample in.

Ny = node reading without sample, \/4 spacer in.
2 _

u = (xl/xc) = 0 for TEM modes.

w =1l+u

NS wavelength in air-filled section of line.
N = cutoff wavelength = 3.412586 times radius of guide for TE,

mode, = twice broad dimension in rectangular waveguide

TE,, mode.
10 TAX 5)
min/Ema.x = inverse standing-wave ratio = a vl C,:

B. General Relations for Nonmagnetic Sample \/4 From Short

A

M 1\, A
xo=Nl°Nq+nq(T)'ns(T)+Z"d’
Axa
s (3] ==
|'dq+%‘-+-ﬂqé--’| aAx = x.-x°+n‘-2- —T.
Sam— ; na(T)
a
| e §
Emin it wao
- j tan
Zp  Trax N (ALY
Oxg 2'6'1 Emin Znx
1-) g — tan—¢=
! ledqs{d] xo}e— n,%— - max 1
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Y,d is determined from charts or tables of cothx/x in literature or

Appendix IIIA if sample is less than X./«t in thickness:

K* =“'(z;'13 de)
I'+u

C. Thin Sample Calculations

Restriction 1:

yzd < 0.1% for 0.5% error,

< 0.15F for 1% error,

< 0. 3% for 5% error.

A O D W)
K' -3}K —';l[j-m -z-;"’u]

Restriction 2:

Znx Z
3 o 01 _ nax
If(E_, /E ax) << 1 and tan —— > 1, then Z;' = 5

m 1
coLf M 2manta)
K' =5 |Zwq tan Sk

and

Reasatriction 3:
tan (3. AF + 9 <0.1for 3% error,
1
< 0.15 for 1% error,
- < 0.3 for 3% error.
x'=1+ %g— .

+ j cot

(A1.3)

(AL 4)

2nx

o
1

(AL 5)

(AL 6)

{AI. 7)
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If after calculating x® with Restrictions 2 or 3 satisfied, Restriction 1
is not satisfied, the value of k* already calculated can be corrected if
if y,d < 0.5 by noting that

Z Y |
01 2 ~ 2 1 3
= e tanhvy.qd 2 — d - d . AL L 8
{
Then J
Pl + AK' - jAx" , (A.1.9)

Y
corrected ~ “a?ort salc.
8. C.

where
2

ax' = %v’v(éiqd') [(x.l. .V " u)Z - (‘:. c. w’z] (A.1.10) !

z B
AK" = 3% (z:;l) x';-c(x;. W -l (A.L1)

D. General Relations for Magnetic Samples, TE or TEM Waves
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Z
ta,nhyzd =(zfl) = rLé

From charts of tanh {(a + jb) = rLQ_

€
o

: For TEM mode only

yzd=a+jb
oo TZac ALy
i

tan§ = -tan (¢' v)

y_'_z AB
Bo a +tan26m)l/z

E‘-‘-} cos (¢+t) + Kﬁ'@' cos (¢- ¥)

= sinkpte) + xpe sin(P-v)
’ o

Two sample calculations follow in Appendix III.

E. Thin Magnetic Sample Calculations

AN
' e |
%—.l-}T

(-]

(A.113)

(A. 1 14)
(A.1.15)

(A. L 16)

(A.117)

(A.118)

(A.119)

{A. 1. 18a)

(A. L 19a)

With Restrictions 1 and 3 satisfied for sample in both positions:

(A.1 20)
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For TEM modes:
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Ax
[C—
B, 2d
_ANZ+d+u Ko
T TTaw T w 2 "2
() *(5)
Po ko
&ll-
_Ax2+u Bo
T Zdw T w . Z

€ a
o
e A"2
:——:
o

if Restriction 3 is satisfied only for sample at short,

o

I

Ho

-JB

which reduces if Restriction 2 is satisfied to

‘l
—
L

o

A
AR o ST U I
"5:-[32';32- i ].

o]

B
.'..[)'1 .‘uZIANZfd " Ko
w|Zed X & &
(k)¢ ()
xl i nAX, ;{:

]

(A.1.2])

(A.I.22)

(A.1.23)

{A.]1.22a}

(A.1.23a)

(A.1.24)

{A.1.25)

(A.1.26)

I et t e Ny e
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If after calculating ¢*/e o and p’/uo from Eq. 20 through 26 Restriction 1
is not satisfied, the values already calculated can be corrected if

Y,d <0. 5° by making use of the series expansion as in Eq. A.1.18. Then

& .

c =K =Ky ort cale. ¥ AK' - jak" (A.1.9)
L

ﬁ; = K’m = (m short calc. ¥ 4%n " JA‘;'n (A.1.27)

where, for TEM mode,

A
a5 (52) feaf0c?
Ax" =el§ 2

2

(
an, = 5 (52) [ (
-3 (

Ax" =

- (x")z) - Zx;'nx'x"] (A.1.28)

zaf [x;;n((x') £ - w?)+ 2 ent] (A.1.29)

(x' (x") ) u"x;nx;'n] (A.1.30)

E{;‘-’-) [x" (x! ) - {x" )z)+ ') x> ] {A.1.31)

F. Input Impedance of Infinite Length Sample (TE or TEM waves)

For nonmagnetic dielectrics

For conductors ' >>x';
} magnitude.

Then

X" =

1
ey

“—z'l———)z] . {A.1. 32)

-jk"-“é[u#(

Emin/E max

B
Zor

Zax

andhn-—-x—‘: are small and equal in

(A.1.33)




-18 -

2 2

o] Emax - xo Emax (A. 1 34)
“‘4-nwfeo Emin - 41I’WT° E ' t

min

o will be in reciprocal ohm-cm when ¢ o is given in fd/cm and Xo in cm.

APPENDIX I

Corrections for Sample Fit in Coaxial Line

Letting D, = diam. of center conductor,
D.

D, = outside diam. of sample, |

[

= diam. of hole in sample,

[ )

3
D4 = inside diam. of outer conductor,
and defining
L, = log D,/D, + log D,/D,,

L, = log D,/D,,
Ly =1cg D,/D,, |

f gives:
| .
? ) Ll X' (1+ta 25 )
; IT; meas. % Omeas.
: 1 _—] -
| Keor. “®¥meas. ) (A 1)
5-3 -ZLl K! + Ll (k' )2(l+t 26 )
> T.Tz meas. f{!% meas. an Omeae.
tan & = tan § L (A. 1L 2
_ cor. meas, Tl 2 (A.11.2) .
- ]
! 1 I:; Kineas. (1+ tan smeas.)
When tanzﬁ e << 1,. the above equations simplify to
LZ ’
K' = x' » (An n. 3)
cor. meas. E3 - ";nea.s. Ll ;
(_)
- L, 5 L, «x' ‘
1 3 “cor.
' ) -
f | tan 5cor. =tan b, oas. [1+“meal. ) Y J tan 6meaﬁs.'l:' X .
2 2 “"meas.

(A. IL. 4)
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In addition, when clearances are small, they may both be referred to

the saine diameter and added

2
1 - %!
[(Kmeas,) KmeasJ clearance
diameter

cor. " *meas. © (A.1L. 6)
D4

1

[ 1+ K;nea.s. diameter
meas. L D4
2. 30 log,, =

10 Dl

tan 6 = tan &
cor.

clearance
:| (A.11. 7)

APPENDIX III

Charts and Sample Calculations

A. Charts of the complex function cothx/x. These have been refined

6)

and extended since previously given

and show va'ues of the function

l coth T /1 ,
T CoLE

Chart XVI. T, 0t00.8"; 1, 38° to 90° (abscissa is 1/C)

;

XVII. T, 0.8tol.5%; ¢, 50° to 90°

%
%
:
4
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CHART XVII

Chart XVIi. T, 0.8 to 1.8, ¥, 50° 1o 950°
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B. Charts of the complex function tanhx. These are shown in the form
tanh (a + jb) = r[Q__ . Chartl is a survey chart7) with b in quadrants,
showing the symmetry properties. Chart II shows the first half-
quadrant of Chart I in enlarged form with b in radians. Chart III
shows an enlarged section of Chart II near the origin. Charts IV,

b and ¢, show parts of the first quadrant for low-loss samples only
<
{a =0.1).

Acknowled&ments

We are grateful to Barbara B. East and John J. Mara for preparation

of all charts shown in this section.

. i s et Ve e e




‘sanyea 289Y3 Jo Aue 03 pappe 3q Lew u jo sa(duNN  °q - 9TFL ¢ Ien G/

‘q+80LS ‘1 onnmlu.m ‘q - 908G ‘T 98N @QI.“ tpeax se q asn Gfa yarm :sixeyd Burmorioy W3 Surpxefox :aj0N

suerpex ut g
ip |=.an ug .wN.m. uz HNn. a .m
- 2 &
[ Ges v £ 914 A A
~ %&n%\ixé
. !lqsis
a
q - -
5 ) 4 g e, 3 y
i ' ; 5 p - i 1 y
0 . DAY { AT I\ N 7
: "m ﬂ J/ ! / 1 MW / P
. : : y e, { ¢ i _:
- IS [ A ’
Hﬂ "N lﬂ - -V—Mﬂ S ' IH H H
i T : . -‘il\ N. - e
o | 1 )R i . Lt ! i 1
i Pd Woesirvse YOS g 90 0g VR teveli g™ I o.w.:t.l,.lc!..!.\!x!i P00nby &
- .
I LIVHOD

Ceimings o e 1 e e S v VL A A




-24 -

w S O O O A T3
= ; H . i i .
. : : H : H $
T i i
4 A S R W o
= - F - T
K b e
i 1F 3 X
3 ~ 1 ) {00 - ¥
i } - .
. ] 3> - ’
o=y . .
n 2 s e P b = J '
T EEE 55 - = -
& , N
== ZalB , K
O AP a1 _
f.w. 3 il = -
£ L~ - - 3
3 NN Y N N h'd ,
= B - -~ N - X ; ]
N fros b - =, 1. B a = {
B —1.. e =
.— . v: B h -
o~ 3 - = _ 4
uml o .
+ E INE NS, XA "y A i i
o 5 » ¥ o 3 g o
~— Y - " i .
(= A LTE : .
> s i o B : 1
" =z Wt | % u
ey =i ¢ i ioX R E =g BB 3 = . =l O

1.8




§
i
i
!
i
;
i

-25 -

CHART 11

tanh (a+jb) = r L8
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C. Charts for Sample Fit Corrections in Coaxial Lire with Diameter
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Sample-fit Correction Chort, 20<«¢€c<4.0

4.0 i
J ¥ T
el St
i RO It H
» : H :
: : : 8
H $HERN 1 ¢
¢ 43 et
o H 3 ae 18 : :
3.95¥ : 1 133e] :
& avens T H t
: oo v .
H : : : i
a 14 L iens!
1Tt tisasas
131
3 i L
. T H
1 1
Y ¥ b
3 ' 99 pe s Ll
1y ¥
it Hi+t
: 4 M
+ spenes It 3 i
: H 1 1t B
.. 4o pole ase
e ror! .
L Lt seide; I
Ittt essen + +t
: o ' b ou & 0 44 0
H s P 34 b4 b @4
¥ . o
Hrtitdt tH
1 » suagweny 1uhrece 3 b e
tadrediridy o
H i 44 144
1 ¥ t
e ¥ o8 T
HHE o }332s 1
soass s Tt : .
H T veus
3 . % H t 2 SaIds 3
: 5 Y H t ' I
¥ 795 e
7 s HE
380 e8 :
- 84
: s T 1. enes s
s eiags b ¢ . st
o T ]
oaet g oty o4 e :
3 1Ry 1 L, 4 e
3 : b
3e : e es .e $3-44
38 4 * s + 4
i oense 243 booq I o 204
TILEIT 1 e 4 - b4 $u
s T Y Py
a5l 3 !
3 : H 3328 snt v
Feititt e e T : s :
saitetiies L ahes . Tty 1
13
. b4 -+ - ¥ 22T
b redus sege sy iell g e i
1ttt % } 1t :
23 8 osenstes et
‘ s il b4 . > by
bt t o I et X 3
X : $H4 }
it i 44 i Hiti:
et 3 !
H oI T
> - E - T
piedd :
3. X
s s * Rim 23
X 3383 % vereee e i
! s Frjad St tiiE: SRR
T 4 124 ¢ 443 | 2
1 ot o b § el .
. o2 & 44 ¢ bade } 3 -
-l et §eeeyred . - b us bia
s 3 ! odv.. b
b { prod L} + 3 *
¥ 233 3 s it
3 res ok 12t 3
3 1 3 Fre tpierire H
:plbl - - - :
= '} 53 p:
Pe-54 b § -y b5 dalh oy
3 !
R ST 30
> bl
»i 183 ¢ 0s
$ t1
2. L ‘
B 1352 11 2
o i
I 3 s IR 3T
3 shteit Y inpetiie
—— x ol & o= (T3
:4 - wofess: pudi e ry -y oy
& A g hages fu =y - ;;: Py
. g ol 2 - u“h :.
o ‘ Fod ot
33 =5 poe
X 2 Y
Rer? vpedy a1t
e. o tH)
S e bs i iR HTER
123 i
Y 13 ] Augas
: ;‘ i: =2 ang vy ot I
e H 3 HE } st
24t B8 - e —_—s i‘ tfimanga
: H 4 33t

S

i
i
3




. o : : . )
3 " - P
. - - N
‘3 T tnenbee - a T ) ¥ Sy
[ 3344 4o 4 x - 3 &
B . “b&¥e 8o 11 t s 833 .m Visla s Lkt
> o -~ & ‘ 4- g b 4 - »
: SRR i i 7 S
H vabd 4 23t R RIS ! : T&._*n gt
$ c33Ten e 3 Freitr T
1 SPTas topwgnyl ) Ron 3 4 4 b w\m iyt 3
£§23 Hib ¢ 480 H tiigh i 430 241 3947 3
1331 spgysdsedm L 33 b4 v s 1433170 as b
1 A -4 )
H syt z Y y ARG B 14
w "m ITH { 131 * p iy 1£21¢ 4] tHPH .
H i : : et it ‘ s3israg £ o1
: : : 3 H 23 3t 3 b x
it I ; A B TR it
s * sg 820315 st : 3 . - "w 3
3 sors X TR 1 2 : 3 ’
3 S T % § w1 4y y 1 4 B
e - 34 1 r4 > . ol va & 1 2 ¥
z %
@0 3 it A 3 ¢ 3 3
. ' d5ed i Hiv]
~ S ] i 51 BHAET i} Y
1 i veis ggtass H SRR
v T 031 543 33t & 2 wﬂ.n 2
3 ¥ 11 {4 3458 )3 13 3481
s L
- b o 34 ) ) 2 33 4 -
< L (444 < 2033 % 1200300 3 3 i
! £ E siixd, : 3
0 : A 1.4 5 4 : : 3 | ¥ ]
4 : s TN (1 T2In] ; 122 ? "
s pg-8 A b4 = . N )
Lt i) s g Av:isni el :
y- oy
: - 3
-~ Y ' 4
> 1 1 g vrxEsiyes 3 : % it s 234
. v - - : - s3s ¥ - (3{22332
ct, T A E I R
- Wee r 3 4 4
(3] 1 § 1 H 141 43 B TS
t 53 spad ik i 9 4
' 3 : : . H S 33 nrepeRcs HH
1 s 1 s L1344 ¥ :
o . HEH NN B S PR
re- 4 s P! ¢ h !
~N 7 ti33 t : A 38 Sppabioatlse b
$ T { 3 HH ] 182 {dhert A
' : ey 3 " >3y
bl $ ‘o sduragelin s g UAD
w R {iagisis fH T T¥iT
4
o iR R 33335 Predy a4, Tiy 3
(&) 1 - u» -] (33 ! . »4
xu..q - | 442 . 1)
5111 b H i 1 on g¥in . 2 s t 3
- . Sy H t4-44 4. 3 e 3 |24
= B it - b (! fitidt 2} 7 FEi0s
T .
) SR N TN HE HHING i} L HONEE i h!
534, H
o§t 3. 3 * *
. v
- -4 * i
35 TN Hidsie el unRig! . Gl
i (L R 13 HE 4154
4 4| %
it ] i 8 ! 1154 e
q e 3 3
M Ases i H M
) tis ! E ]
: 2 :
srs savinnird ga2 ; : 2 :
: . 5 & 2 22y )
: 5 £s A
IR
43 13443 ; }
34
¥ 43t , ’ :
v ra v : . - 3 ' % o
p & 04 4 ¥ A
e IEH S : . sfay! xuiti
345 - £ ; y R
s & A ¢ ¢ é 4 -
. " . . w
b L S
-

e s

o0

X |

Ratio .of clearonce or di

r

0 conducior




- 30 -

Sample-fit Correction Chart, ton Bs for a2+ 20 1o 75
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D.1. Sample Calculation for an Epoxy-l.oaded with Al in Coaxiul Line

k - «200 et/je = 70”
sumple # Zounial 1ine /2o
Run # Date = w'/ug, = 0.825
Sample: Aluminum-loaded epoxy Temp » tan 8y = 0.015% |
Thickness = 1.8665 wn tané, = 0.0T6k 4
s
I Se.ple on terminal plate II Suple h/krrantamxml plate
— T ‘] .
@ ¥, 11,8040 N 15,0048 @ z « 10,2620 xq-lh 8535
n‘ - ?’, " BB - H‘ -
R s [T S e Ll
#aic. T" . T3 +mie.g. -
5, = 8, = 8, = Sy =
L d L 1.%5 m‘ %
il RT3 R0 | a. 19
- 30 - 2,153 = 1.0620 16.7200
R 1324
@ &x = ™ @ bz =5
. B 1321
E
ﬁ -3 c;)- 0.0495 @ ..c*’ .01382

360x° o o [
@tﬂn—x—-s-mﬁo&"om OWT'WHOW = ,2268

@[Oa @']’z _oo_fi:; [®2 @2]3 .°51"

2360 051591

@‘“’1(@9--90°+55' (6) ten '1% 90° - .0609" = 90° - 3°29.1"

@ @ x @ =-omeenr®ee @*’_‘“-1 ® = @-;oom"-& 10,8"
[1 +@ex@"]5 = 1.0012 Ll *@“@"]I -1

@n -3 [0 0] @ - [0

- o7 00 - Ta = .27 [-0° + 30

%M 65, T.R. 182.




@ u=(%)= @wul-l-us

®
i

/2 2
- {Zx Zn] = 25 [e=Blp= Vo.nou = 0.333 [-1°u6°
1/2
tanh Yada = [-——] e 0,2148 = l,,iés @f - 5"269
= --m—o 3

1.5708 o r
Yadz 0.0“*25-#.1 005 ‘00 973 90 - 000"'55
Q.

= A [-y = 2,49 [-0.0u55"

’T

(p-v) = 0.07635" sin(p-v) = @) coslp-y) =

tan 8 =~ - tan(p -v ) = 0.0764

®@®@@

AB

= 00825

&
&I~

(L + tan®s )1/2

®\;wAB@

2.a0 .
@'wm@

For coaxial line omit steps 17, 20, 21, 24, 25 sbove

el
€

®

=4
B

o

sl il

® tan 8, =

T.47 |
e A

— 18) = 0,43 «~correction for nample fit
@ € B @ 5%

@ ten 8, = ten(@ + ¢ ) = 0001'56

0. 24——“11 losa
0.0143 x 1,076 = 0.0154
sample fit

(p+v) =0.0165 (@) sin(p+4) = @D cos(P+v) = 0.9999




D.2. Sample Calculation for a Ferrite in Hollow Wave Guide

Sseple § 2310 AN o= 5.7H8 ef/e, « 18,7

Bum #1 Date = 5/23/50 B'/Mg = 0.51

Sample Ferramic C Temp = 25°C tanBa = 0.58
Zhickness = tanby = 1.26

1I Sample A/4 from termirsl plate

— -~ -
@ By = 1 By = @ L B =
: Hsu l E‘- 37,: K‘x-
e oA -|oh x_ =\, |a
ﬁc.'&" ! é"-"' +n:c.n)' -'3-"
; - 8 =
L J ", R I PV
e ds=

(D) & =15 % .0028 = ,1512

E *)

min  wAx_ o),
@.ﬁ_._x_ ¢, = .08%6

max

=

@m?f?x. tan 4.03° = .TOY5

O} -
(© ta (% e 3355 = 160°27.2° (&) tan> % o senLe.00582 = 20"

@Quwr @O Dt @ = ®-
1#@21@2]%’1 [1 .,,@2!@2]5-1
®u -3 (00 @ -§EOA

- @Q
a | = 109 18°32.5

e OIS prgt . s ORI an

.om 'I'OOG'

*) page 65, 1.8, 162.
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@ ®®®6 ©® 6

s
u.(;i)sz.ﬁ @wsl+u=3-33
[+
z /2 2z
2 1l (s}
7 - [zI-zII] = -22 B[_ v = 5-21 Ox31 = [-10°47"
1/2

tan Y2d2 = [;'II'I] = 1,004 %(58039') = 29020'

from Chart II

Vpdy = 675 + 785 = 1,033 [ten™ 1.163 = 4g°19®

yd

ey (R - 1) b

"1
(p+v) =294 @D sin (@+v) = 498 cos (p +y) = 867
(p-v) = -51%281 @ sin (c’-v) =.623 @ cos (p-v) = T8

ten 8 = ten (¢ -v) = 1.25

5'_ = AB = .1086 X 7025 - 0.510
° 1/2 1/2
(1 + tanabm) (1 + 1.58)
S.'.,-‘_‘ _@-.p.l s695-——1+2' 82-1806+ 668 = 18.73
€ B 7 vAB 3,33 3—3 * *

wAB@ 10.1& - .gg u 527
+ 3K @

t@@

For coaxial line omit steps 17, 20, 21, 2, 25 above.

&

---§18-

tanbd-tan(cr-hy) -
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