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BESFAVAItARtE COPY
PROPERTIES OF COMPOSITE MAGNETIC COMPONENTS FOR USE WITH

HYBRID ELECTROMAGNET IC ANTE NNA COUP LERS (HEMAC)

1. INTRODUCTION

Hybrid Electromagnetic Antenna Couplers (HEMAC) have been under i nvesti-
gation at ECOM for the purpose of Using convenient parts of the env i ronment,
natura l or man—made , as antennas.

Dr. Ikra th has demonstrated the effectiveness of a properly ma tched
HEMA C toroidal circuit .1 For example, ci rcuits like these have been deployed
on t rees In woods and jung les exploiting coupling to the canopy to control the
directiv ity of RF radiation , which had previously been uncontrollable. In the
u rban environmen t, coupling to people, b u i l d i n g s , helicop ters, l ampposts,
water and power lines has been demonstrated.

HEMA C is an insulated , wire—wound , empty toroidal coi l which acts like
the prima ry of a leaky t ransformer. The object around which the coi l is
placed ser ves as a s i ng le turn secondary wind i ng. The RF wavelength employed
is determined by the size of the object and related surround i ng structures.
Sometimes the coil size may be quite large as is requ i red for trees or heli-
copters. Reduction In coi l size may be achieved by inserting an inductive
component coaxially inside the empty HEMAC. The presence of the magnetic
material serves the purpose of increas i ng the permeabil ity above -d r , en-
hanc ing the coupling to the object, and resul t i ng in a decrease in the numbe r
of turns and diameter of the HEMAC. Another way of viewing this is to note
that the velocity of the RF wave in the magnetic material is reduced as com-
pared wi th a i r , produc i ng a reduced wavelength. Thus, the st ructu re may be
made smaller proportiona l to this reduction.

The objective of thi s investigation was the preparation and characteri-
zation of flexible , shock—resistant , composite magnetic materials , and the
characterization of their properties for use in HEMAC coils. The magnetic
materials used are coninercial l y available.

The preparation of the composites Is described in Section 2; measurement
procedures and data are described in Section 3; results obtained with compos-
i te torolds on a toy gun are reported in Section 4; and the dependence of
permeability on porosity and frequency is discussed in Section 5.

2. SAMPLE PREPA RATION

Flexible , elas t ic compos it es were made us ing  ferr tes and carbony l iron
wi th  GE 615 RTV si l icone rubbers . The ferri tes used were Ferroxcube Corp.
RD—3 < 60 mesh and Indiana Genera l Q—) < 60 mesh, as well as CAF carbony l
i ron powders with particle size from 2—5 ~.m • The composi tes we re formula ted
on a volume percentage basis with samples varying between 25 and 50 volume
percent of the magnetic component. Pores in the composites introduce a third
unwanted phase. To avoid Introducing voids, remova l of the adsorbed gas on
the f i l l e r s , ferr i tes especially, and absorbed gases from the mixing process
was accomplished th rough vacuum techniques . An example of the deleterious
effect of trapped gases iS shown in Fig. 1 . A composite relatively f ree of
trapped gases is shown in Fi g. 2. The samples were poured into standard
coaxial config urat i ons (FIg.3) and further outgassed under vacuum. The
samples were then cu red at 1 50°C for one-half hour in air .

1 . K. I k r a t h , K.J. Murph y and W. Kerinebeck, R~D Tech Rept , ECOM—4133, June 73.
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3. COMPLEX IMPEDANCE MEASUREME NTS BEST AVAIiA-t3!_1 COPY
a. INTRODUCTION 

-

The complex Impedance of these composite materials was measured withJ. -‘ *the aim of finding the comp l ex quantities tC and K”, where K — complex rela-

t ive permlttivlty and K* = complex relative permeability. The purpose of

this section is to present the parameters measured, the experimental proce-
dures , and the equation used to arrive at the results for this series of
experiments.

Charts g iv ing the measured quantities and the calculated quantities
are inc l uded in this section (see e).

b. EXPERIMENTAL

A typica l sample to be measured was in the form of a coaxial trans-
mission line . The centra l conductor was made of copper and the outer conduc-
tor was made of brass. The materual,whose properti es were of interest , was
formed between the I nner and outer conductor and completely fi l led this region
for the entire length of the coaxial line (Fig. 3). A typica l sample was
about ~ inches l ong. The outer diameter of the cent ra l conductor was 0.101
inches, and the i nner diameter of the brass conductor was 0.292 inches (Fig. ~) .

To make the impedance measurements a Hewlett Packard Vector Impedance
Meter, Model LI~sI5A , was connected to the left—hand side of the coaxial line
using a CIU UG—626A/U connector (Figs . 5 and 6). Two pieces of cylindrical l y
shaped copper braid were placed at the left-hand side and held firm ly w i th
rubber bands as shown in Figs . 5 and 6, in order to insure good contact be-
tween the outer pa rt of the CIU UG—626A/U and the brass conductor. The im-
pedance meter yave read i ngs of ILl the absolute va l ue of the impedance in
ohms, and fl , the ang l e of the compl ex i mpedance i n degrees , as a function of
frequency between 0.5 11Hz and 100 MHz. Each sample was measured for two sen—
arate cases , “O pen C i rcu i t ”  (Flg. 5) and “Short Circuit” (Fig. 6). The firs t
case “Open Ci rcuit ,” means that the right—hand side was simply left alone
with the centra l wire and the brass conductor not connected. The second case
“Short Circuit ,” was arranged experimental ly by short ing out the right—hand
side wi th two cyl indr ical ly shaped pieces of copper braid as shown in Fig. 6.
Usually the material of interest filling the coaxial line was made so that a
small empty space existed on the right—hand side . Th is presented a prob l em
for the “Short Circuit” case, The space was plugged up with a small cylin-
drica l copper braid placed over the centra l conductor and under the brass
conductor. A second cylindrical copper braid was placed over the outer brass
conductor and over the centra l conductor. The assembly was held firmly with
rubber bands.

c. BASIC EQUATIONS

2 Rationalized MKS units were used. The complex relative perrnltt lvit y
is

K* _ E */ E i ~ K j K ~ (i)

2. A . Von Hipple , Dielectric Materi kt5 and Applications, (Technology P ress of
MIT and John Wi ley and Sons , New York , 1954), 4—5, 125.

5
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whsre

— the complex permittivity of the material

— the permlttlvlty of the vacuum • (tS.iSf,4)’(lO
12
) farads/mster

E* _ E #
_ J E

_ 
(2)

where

— the permlttlvlty of the material In farads/meter

— the electric loss factor of the material In farads/meter

Therefore from Eqs. (I) and (2)

K ’ — E ’/EV — the 
relatIve permittiv ity of the materIal In

dimensionless un Its (3)

K’ E’/E — the relative electric loss factor of the material In
V

dImensionless units (Ii)

Also

tan 6 (OC)
1 

— E”/E — K’/K’ (5)

where -

tan 6 (OC) — loss tangent for the electric loss In dimens Ionless units

Tb. comp l ex permeability Is

— K, - JK , (6)

where

the complex permeability of the material

a the permeability of the vacuum — (lrr).(10 7) henrys/meter

Th. complex permeability is

* ‘ N
~ a~~~ — j i ~ 

(7)

where

a the permeability of the materIal In henrys/meter

a the magnetic loss factor of the material in henrys/ester

i~I “Open Circuit” case

9 
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There fore

the relative permeability of the material in

dimensionless units. (ti)

IC — U’/U the re l at i ve magnetic loss factor of the material

in dimens ionless units (9)

Also

ten 6 (SC)’
~
’ 

U”/A. ’ K~/K, (10)

where

tan 6 (SC) = the loss tangent for the magnetic loss In

dimensionless units

With respeq to coaxial transmission lines the following equations
are true in general.’

L (OC) — Z coth (P L) (11)

whe re

L (oc) — the complex i nput impedance measured for “Open Circuit ”

Z — the comp l ex characteristic impedance of the line In ohms

P a the comp lex propagation constant

P — A + jB

whe re

A — the attenuat i on constant in rad i ans/meter

B the phase constant In radians/meter

L = length of the line in meters

Z (sC)i.~~ tanJ~ (P L) (1 2)

where

z (Sc) — complex I nput Impedance measured for “Short Circu i t”

In genera l

Z (oc) R(OC) + j X(OC) (13)

3. F.E. Roge rs, The Theory of Networks in CommunIcation and Other Fields ,
Glacdonald, London, 1957), 274-364.

‘ “Short Circu i t” case.
10 H-
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where

R(OC) • the “Open Circuit” resis tance

R(OC) — IL(0C) cos R(oC)

• - ;  - tL(OC) $ — the absolute value of the “Open Circuit” impedance In ohms

A (OC) the va l ue of the angle for “Open Circuit” In radians

X(OC) — the “Open Circuit” reactance In ohms

X (Oc) a lZ(OC) I sin R (OC)
Sim il ar ly

L(Sc) R(SC) + j x(sc) (14)

where

R(SC) — ~Z(SC)j cos €i (sc)
X(SC) — IL(SC) I sin R(sC)

where

IL(SC)~ — the absolute value of the “Short Circuit” Impedance in ohms

(l(sc) — the va l ue of the angle for “Short Clrcu t” In radians

From Eqs. (ii) and (12), one obtains

— (Q(OC))(z(sc)))~ ( 15)
tanh P L a (Z(SC)/Z(oc))~ (16)

An expression for the voltage at a point x in the transmiss ion line
can- -be shown to be

- v — v5 e
AX sin (wt - Bx) (J7)

where

V5 — the magnitude of the sending end voltage

w — the frequency In radians/sec

x — the dis tance from the send in g end ln meters

t a t im e in sec

From Eq. (17) we see that if

x a , the phase chang es by ~~ radians . Therefore,

11
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m B

is a genera l rel ation for the wavelength in a material medium.

For waves In general

c — f A (19)
v v v

where

c~ — the phase velocity of an electromagnetic wave in a vacuum

— 2.998 x iO
8 meters/sec

— the f requency In a vacuum in #15cc

the wavelength in a vacuum in meters

c — f A  (20)
- m m m

whe re

c = the veloc i ty  of a wave i n t he mate r i a l
m

A the wavelength In the mater ialm

the frequency In the materia l

= (21)

The rpfore from Eqs, (18) , (20) , (21), one obtains

c — f  (22)m v B
The genera l equations above may be simplif ied by assuming that the attenue-
tion constant A is about equa l to zero.

A~~~0

When this assumption is made there results a set of simplified equations for
and B. The Just ification for this assumpt i on Is based on the observatIon

that when these slmpllfsed equations are used to obtain a va l ue for B, It
agrees with an Independent determination of B us i ng Eqs. (20) and (22). —

The Independent determination of B is obtained In the followIng way:
Eq. (20) allows one to obtain a va l ue for Cm from the physica l length of the
sample L, and the measured frequency at resonance 

~m’ 
To obtain Am from I

one uses the resonance condit ion,

12
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(23)

The list step Is to substitute f~ and Cm into Eq. (22) to obtain an inde-
pendent va l ue of B.

I f  A~~~O

then

L(Oc) j X (oc) (24)

L(sc) j x(sc) (25) —

Therefore

Z — Z0(real) — (X(OC) X(SC))’ (26)

tanh P 1 • tanh j B i - ( 
~~~~ 

)
‘ 

(27)
But

tanh J B I — tan B 1 (28)

The refore

B — tan ’ (X(SC)/X(OC))½ /L (29)

Also i f

then

B — w(L.C)~ (30)

where

I. • inductance of the circuit in henrys/meter

C a capacitance of the circuit in farads/mete r

Also If

A - O

then

~ (L/C)~ (3 1 )

13
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In gene ral for a coaxial line4

1 henrys/meter • ~
‘(l/2 i~) In (D/d) in henrys/meter (32)

where

0 — the Inner diameter of the brass outer conductor

d — the outer diameter of the copper centra l wire

Also in general for a coaxial line
4

C farads/meter = E’/((l/2ti) in (D/d)) In fen ds/meter (33)

Therefore,if Eqs. (8),(30),(31),(32) are combined , the result is

= (B’Z0)/(w
.~ .(1/2 r~ In (O/d)) (31+)

and i f  Eqs. (3),(30),(31),(33) are combined, the result is

K ’ — (B.(l/2 TT) In (D/d))/(w ’Z .E ) (35)

For the calculation of the loss tangents

tan 6 (oc) R (OC)/X(OC) (36)

tan 8 (Sc) R(SC)/X(SC) (37)

Comb i ni ng Eqs. (5) and (36) , one obtains

K” a (tan ~ (oc) ) K ’ (38)

and combining Eqs. (10) and (37) , the r e su l t  is

K (tan ~ (Sc)) K~
To summarize

K ’ • B’(l/2 n) ln (D/d)/(wZ’E ) (1.0)

(B.Z )/ (w’~~ .(l/2 ri) in (D/d)) (1+1)

K ’ a (tan ~ (oc) ) K ’ (42)

a (tan 6 (SC) ) K,; (43)

A prob lem arises in the calculations for the nonmagnetlc (si l icone
rubber ) sample. A value of K~ is one for such a material.

4. AmerIcan institute of Physics Handbopk,2nd Edition , (McGraw Hill ,
New York) 5-48.
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An estimate of the error of K,~ can be made us i ng the theory of
erro rs 5 If the errors In the init ial readings are known. The Hewlett Packard
Vector Impedance Meter Model #Le8l5A has read i ng errors of

error In 2 — ± 4%*(F MI~ /3O M~~ + Z £~I25 k C)) i n  %

error In 6 — * (3 + F MHz/30 M~~ + 2 U/25 k ~) In degrees

error in F — 2 2% of f u l l  scale

For the particular case of 30% Ind i ana General Q—l Ferrite at 30
MI*, one finds that K,~ has an error of * 1 1%. One can safely assume that all
the va l ues gi ven in the charts have an error of ± 11%, due solel y to the
errors In the raw data. Other errors exist and 2 20% has been estimated as
the total error.

d. PROBLEMS AND SUGGESTE D IMPROVEMENTS

The origin of K, — 2 for the unloaded sample Is obscure, but Is
probably related to the skin effect and the relative l y low conductivity of
the brass outer conductor. One way to check this is to coat the outer and
i nner conductors with ~~.0O3 Inches of silve r, which is about 3 tImes the
skin depth of silver at 10 MHz, and repeat the experiments.

e, RAW EXPERIMENTA L MEASUREMENTS AND CALCULATED QUANTITIES

The quantitIes 20, K,;, K
’, I(~,, K

’ tan 6 (Oc), tan 6 (SC) were
calculated from Eqs. (40—43) without any corrections being made,

The experimental results h ave been collected and may be found In
Tables 1—28. All the data rgflect ~he presence of dimens ional resonance,
explained by Brockman et al . The velocity of an electromagnetic wave propa-

gat ing In the magnetic composite Is reduced by a factor of I//~~~~~compared
with vacuum, where and K ’ are the relative permeability and dielectric

constants In the material. The wavelength in the material becomes
A — c/fJK’K’. When the length of the coaxial sample becomes A/k resonance
wI ll OCCU’P. Typicall y, the short circuit reactance x(SC) rises exponentially
toward infinity at resonance (Tables 2,6,10,14,18,22,26).

For a practica l device a constant va l ue for the characteristic im-
pedance as a function of frequency Is required . From the data of Tables 8,
l6,24,28,this condition is seen to hold sufficient l y well over usefu l ranges
of frequency. Actuall y, the frequency range ,is probably greater than In-
dicated since dimens i onal resonance would occur at much higher frequencIes
for small toroldal geometries.

— lThe tan 6 (Sc) va l ues are characteristicall y of the order of 10
well below resonance (Tables 8,12 ,16,20,24). However, none of the materials
Investigated are consi dered low—loss materials and this result is consistent
wi th expectation.

5. V. Beers, Theory of Error. (Addison-wesiey Pubiishing Co., Inc., Reading,
MasS., 1953) , 33—35.

6. F.G. Brockman, P.H. Dow) Ing and W.G. Stenek, Phys. Rev, 
~
j , 85 (1950).

15 

‘~~~~~~ ‘‘~~~~~~~~~~~~~ - -  - A



‘~ ‘ ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~‘-~~~~~~~~~~~ ~~~~~~~~~ -

TABLE 1. COMPLEX IMPEDANCE FOR

1O0~ GENERAL ELECTRIC SILICONE RUBBER

D1= 7.31110 3 (ME~~R) = Inner diameter of the brass outer conductor

D2= 2.57X103 (M~iz~ ) = Outer diameter of the copper inner conductor

L1= 0.197 (METER ) = Length of the sample

n. z(oc ) 9(o~ ) z(sc )
(MHz ) (OHMS) (DEGR~~S) (oi~s) (DEGR~~S)

0.5 7100 - -90 0.8 31.

0.7 5050 -90 0.83 41

1 3500 -9” 0.9 50

TOO -90 3.03 79

10 342 .5 -9 6.0 84.~

20 168 - -?G 11.75 35

30 106 -90 18.2 89.25

40 77.0 -9~ 25.0 90

5C 56.0 -.
~9.5 31.75 90

60 41.75 -‘~~.5 
1i.O.7~, 90

70 30.9 - ±.- 51.0

21.7 -86.~ 64.5

90 13.6 -,
~~~~~~~ 

82.0 90

100 6.8 -79.5 103 90

16 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ., - -- - 5-,- ---  -



I” 5 - ”  
~~~~~~ M~ 5-~~~~~~5-Th r~~- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TABLE 2. RES ISTANCE AND REACTANCE FOR

100% GENERAL ELECTRIC SILICONE RUBBER

F]. R(OC) R(SC) X(OC) X(SC)
(MHz ) (OHMS) (OHMs ) (OHMS ) ( OHMS )

0.5 S
. 0.663 -7100 0.1.117

0.7 o.0O 0.623 -5050 0.541.

1. 0.00 0.578 -3500 0.689

5 0.30 0.577 -TOO 2.97

10 r).(X) 0.575 -3142.5 5.97

20 0.00 0.410 -168 - 11.7

30 ‘~.co 0.238 -106 18.2

40 3.00 -77 25

50 0.489 0.c~o -56.0 31.75

60 1.09 0.00 -41.7 40.75

70 1.08 0.00 -30.8 51

80 1.32 0.00 -21.7 611.5

90 1.01 0.Y~ -13.5 82

100 1.24 0.00 -6.69 103

17
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TABLE 3. COMPLEX RELATIVE PERMITTIVITY CONSTANT AND MAGNETIC PERMEABILITY

100% GENERAL ELECTRIC SILICONE RUBBER

Fl
(MHz ) (#) (#) (#) (#)

0.5 3.146 4.28 5.]2 0.00

0.7 2.99 li..30 3.44 1.00

1 2.66 4.35 2 .23 0.00

5 2.29 11.34 0.445 ‘.2~

10 2.29 11 .112 0.220

20 2.22 4.113 T.711X10 2

30 2.22 4.53 0.029 ~~.

11.0 2.19 4.49 r~ - X .o~
50 2.10 li .66 — .-x

60 2.07 4.79 ( .Y  0.125

70 1.99 li.98 1- .oc 0.3.74

80 1.88 5.32 0.00

90 1.70 6.00 ).47~

100 1.311 7.66 o.~

18
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TABLE 1.. CHARACTERISTIC IMPEDANCE AND tan 6 FOR
1 00% GENERAL ELECTRIC SILICONE RUBBER

Fl $1 20 tan &(OC) tan 6(SC)
(MHz) (RADIANS/N) (OHMS) (#) (#)

0.5 
- 

4.03*10 2 56.1. 0 1.48

0.7 
- 

5 .26x l0 2 52.2 0 1.15

7.13*10 2 49.1 0 0.839

5 ‘
-~~~ 0.330 

- 
1.5.6, 0 0.191.

10 0.667 
- 

1.5.2 0 9.63*10 2

20 1.31 44.4 0 3.1.9*102

30 2.00 43.9 0 l .31 X10 2

40 2.63 43.9 0 0

50 3.28 42.1 8.73xl0 3 0

60 3.96 41 .2 2.62xl0 2 o
70 4.62 39.6 3.~i9x)O 2 0

80 5.3 1 37.3 6 .l2x l0 2 o

90 6.02 33.3 7.87xl0 2

100 6.71 26.2 0.185 0

19
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TABLE 5. tOMPLEX IMPEDANCE FOR

INDIANA GENERAL Qi FERRITE 30% BY vow~~

D1= 7. Z1.].X10 3 (METER ) = Inner diameter of the brass outer couductor

D2= 2.56X10 3 (METER) = Outer diameter of the copper inner conductor

L].= 0.204 (METER ) = Length of the sample

Fl z(oc ) 0(oc ) z(sc )
(MHz) (OHMS) (DEGREES) (OHMS) (DEGREES)

0.5 4600 -90 0.95 5t

0.7 3250 -90 1.2 63.5

1 2330 -90 1.65 69.75

5 458 -90 8.05 84

10 228 -90 16.1 56

20 104 -90 34.75 56.5

30 62.0 -90 61.25 86

40 36.75 -89 105 83

50 19.4 -34 227 73

59.3 6.~ ~~~~ b72.5 0

60 5.75 -50 f5 0  -12.25

63.1 4.13 0 1.32.5 -46.5

T~.) 1.1.3 b3 195 -69.5

80 27.1 71i 100 -76

90 46.75 71~ 61.0 -76.5

100 75.25 70.75 38.25 -72

20 
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TABLE 6. RES ISTANCE AND REACTANCE VALUES FOR

INDiANA GENERAL Qi FERRITE 30% BY VOLUME

Fl R(OC) R(SC) x(oc ) x(sc)
~~ z) (OIm~~) (OHMS) (°~*~ ) (OHMS )

0.5 0.~0 0.531 -4600 0.787

0.7 3.00 0.535 -3250 1.07

1 -~.0C 0.571 -2330 1.55

5 o.)0 0.841 -1158 8.00

10 o.00 1.12 -228 3.6.1

20 0.~0 2.32 -1011 34.7

30 - o.x - 4.27 -62 61.1

40 
- 

0.643. 32.8 -36.7 lOll

50 2.03 66.4 -19.3 217

59.3 - 3.59 672.5 -5.1.2 O.0C

60 3.70 635 -4.40 -138

63. 1. 4.13 298 0.00 -314

70 5.13 68.3 10.3. -163

80 7.47 211.2 26.1. -97.0

90 12.9 14.2 44.9

3.00 24.8 11.8 71.0 -36.1.

21
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TABLE 7. COMPLEX RELATIVE PERMITTIVITY AND PERMEABILITY

INDIANA GENERAL 01 FERRITE 30% BY VOLUME 
- I -

F l K K ’ K” K”
m m

(MHz) ( # - ) ( # )  ( # )  ( # )

0.5 5.78 6.48 3.90 0

0.7 5.63 6.55 2.81 0

5.68 6.39 2.10 0

5 5.84 6.47 0.614 0

10 5.76 6.39 o.403 0

20 5.77 6.50 0.353 0

30 5.89 6.31 ~.412 0

40 5.88 6.23 0.722 0.109

50 6.09 5 . 90 1 .86 0.620

59.3 0.00 -- -— -—

60 2.10 14.0 9.68 11 .8

63.1 -- -- ~
‘-

70 3.01 6.65 1 .13 3.39

80 2.52 4.05 0.629 1. 16

90 1 .80 2.74 o.432 0.786

tOO 1.16 1 .82 o.377 0.636

22 
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T~BLE 8. THE PHASE CONSTANT. CHARACTERISTIC IMPEDANCE AND tan ~ 
FOR

I NDIANA GENERAL 0] FERRITE 30% BY VOLU~~

Fl BI ZO tan 6(OC) - tan s(SC)
(MHz) (RADIANS/N) (OHMS) (#) (#)

0.5 - - - 6.4lx10 2 60.2 000 0.675

0.7 : 8.91x 10 2 59. 1 0.00 o.499
I 0.126 60.1 0.00 o.369

5 o.644 60.6 0.00 0.105

10 1 .27 60.5 0.00 6.99xl0 2

20 2.57 60.1 0.00 6.12*10 2

30 3.83 61 .5 0.00 6.99x1o
_2

40 5.07 61.9 I .75xl0 2 0.1 23

50 6.28 64.7 0. 105 0.306

59.3 0.00 0.00 0.662

60 6.83 24.6 0.839 4.61

63.1 0.00 • 0.949

70 
- 

6.57 42.9 0.510 o.37~
80 5.36 50.3 0.287 0.21.9

90 4.19 51.6 0.287 0.21.0

100 3.04 50.8 0.349 0.325

23
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TABLE 9. COMPLEX IMPEDANCE FOR

GAF CORP~ CARBONYL I RON 25% BY VOLUME

DI — 7.36X10 3(METER) Inner diameter of the brass outer conductor

02 = 2.59X10 3 (METER). Outer d i ameter of the coppe r inner conductor

LI = 0.202 (METER) = Length of the sample

Fl z(oc) g(OC) z(sc) o(sc)
(MHz) (OHMS) (DEGREES) (OHMS) (DEGREES)

0.5 1690 -84 0.8 46

0.6 1440 -84 0.9 50

0.7 1 250 -84 1 •Ø 54

0.8 110 0 -84.5 1 .1 57

1Q10 -85 1 .2 60

I —85 .3 62

2 480 -86 2.4 74

3 320 -86 3.6 78

4 250 -86.5 4.8 81

5 202 -86.5 6 .0 82.5

6 168 -87 7.2 93.5

7 145 - 8 6. 5  8.4 84

8 127 -86.5 9.6 84 .5

9 11 2 —86 .5 10.5 85

10 too -86 .5 1 .8 85.5

20 46.0 -85.5 25.0 87

30 22.8 -8! 45.0 87

40 8.3 -61 83.0 84.5

45.6 4.25 0.00 129 73.5

50 6.9 50 2 10 69.5

56 13.2 70 L~55 0.00 ~

- 
-
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Table 9 Con td

GAF CORP. CARBONYL I RON 25% BY VOLUME

Ft -
~ z(oc) - o (oC) z(sc) e(sC )

(MHz)~ (OHMS) (DEGREES) (OHMS) (DEGREES)

60 - 18.0 - 74.5 21.7 —50.5

70 31.7
! - 79 76.0 —69.5

80 44.7 — 79 34.8 -66

9O -~~- 77.5 74 15.6 - —48

97.75 111 -~~~~ - - 64.5 9.5 0.00

100 127 59.5 9.8 18.5

25
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TABLE 10. RESISTANCE AND REACTANCE FOR

GAF CORP. C’~RBOPIYL I RON 2’~~ BY VOLUME

Fl R(OC) R(SC) x(oc) x(sc)
(MHz) (OHMS) (OHMS) (OHMS) (OHMS)

0.5 176 0.556 —1680 0.575

0.6 150 0.578 -1432 0.689

0.7 130 0.588 —121.3 0.809

0.8 105 0.599 -1094 0.922

0,9 88.0 0.600 -1006 1 .04

79.3 0.610 —906 1 .15

2 33.5 0.662 —479 2.31

3 22.3 0.748 — 3 19 3.52

4 15.3 0.75 1 —2 50 4.74

5 12.3 0.783 —202 5.95

6 8.79 0.815 -168 7.15

7 8.85 0.878 -11.5 8.35

8 7.75 0.920 — 12 7 9.56

6.84 0.915 -1 12 10.5

10 6.10 0.926 -99.8 11.8

20 3.61 1 .31 —1.5.8 25.0

30 3.57 2.36 —22.5 44.9

40 4.02 7.96 -7.26 82.6

45.6 4.25 25.7 0.00 126

50 4.44 73.5 5.28 197

56 4.51 455 12.4 0.00

• 60 4.81 157 17.3 —190

70 6.05 26.6 31 .1 —7 1 .2

80 8.53 14.2 1.3.9 —31 .8

90 21.4 10.4 74.5 — 11 .6

97.75 47.8 9.50 ~OO 0.00

t OO 64.4 9.30 109 3.11
26
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TABLE ii. COMPLEX RELATIVE PERNITTIVITY AND PERMEABILITY FOR
GAP CORP. CARBONYL I RON 25% BY VOLUME

Ft K ’  K ’ K ” K”m
(MHz) (#) - (#) (#) (#)

0.5 4.35 17.6 4.20 1.85

4,34 17.2 3.61. 1.81

0.7 4.36 17.0 3.17 
- 1.79

0.8 4.35 16,9 2.83 1.63

0.9 4.36 16.4 2.52 1 .43
4.33 6.2 2.30 1 .43

2 4.35 15.5 1.25 1 .08

3 4.42 15.4 0.939 1.08

4 4.45 34.8 0.701. 0.903

5 4.45 14.6 0.586 0.891

6 4.41I 14.5 0.506 0.761

7 4.42 14.4 0.465 0.879 
—

8 11.40 14.3 0.1.24 0.873

9 4.26 14.3 0.373 0.875

to 4.28 111.3 0.337 o.875

20 4.06 13.9 0.213 1 .10

30 3.82 14.8 0.200 2.35

40 - 2.97 19.4 0.286 10.8

45.6 
- - -- --

50 3•13 13.0 1 .28 10.9

56 0.00 -- -- --
60 4.62 5.49 3.81 1 .52

70 2.51 4.44 0.937 0.863
80 1 .21. 3.50 o.55~ 0.680

90 0.463 2.1 1 o.417 o.604

97.75 0.00 -— —- ——
100 0. 116 1 .34 0.348 0.791

27
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TABLE 12~ THE PHASE CONSTANT , CHARACTERISTIC IMPEDANC E AND tan 8 FOR

GAF CARBONYL I RON 25% BY VOLUME

Fl 81 ZO tan £(oC) tan S(SC)
(MHz) (RADIANS/N) (OHMS) ( ft ) ( ft )
0.5 9.18*10 2 31 .1 0.105 0.966

0.6 0.109 31.4 0.105 0.839

0.7 0.127 31 .7 0.105 0.727

0.8 0. 144 31.8 9.63x1& 2 0.649

0.9 0.159 32.3 8.75x10 2 0.577

0.175 32.4 8.75x10 2 0.532

2 o.344 33.2 6.99x10
_2 

0.287

3 0.519 33.5 6.99xl0 2 0.213

0.679 34.4 6.l2x10 2 0.1 58

5 Q.844 34.6 6.l2xIO ’2 0.132 -

6 1 .01 34.6 5.24x10 2 0.114

7 1 .17 34.8 6.l2x1o 2 0.105

8 1 .33 34.8 6.l2x10 2 9.63x10
_2

9 1 .47 34.2 6.12x10 2 8.75*10
2

10 1 .64 34.3 6.l2xIO 2 7.87*10 2

20 3.15 33.8 7.87x10 2 5.24*10 2

30 4.74 31 .8 0.358 5.24xl0
_2

40 6.36 24.5 0.554 9.63x10 2

45.6 0.0 0.203

50 6.99 32.2 v.839 o.37~

56 0.00 0.0 (‘364

28 
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TABLE ~ ,THE PHASE CONSTANT , CHARACTERISTIC I~~EDANCE AND tan 6 FOR
GAF CARBONYL IRON 25% BY VOLUME (Con td)

Fl 
- 
B.1 ZO tan $(OC) tan 6(SC)

(MHz) (RADIANS/N) (OHMS) ( ft ) ( ft )
60 - 6.34 51.5 0.277 0 .824

70 - 4.89 47. I 0.191. 0 .371e

80 3.50 37.3 0.191. 0 .445

90 1 .86 29.4 0.287 0 .900

97.75 0.00 0.0 0.1.77

tOO 0.828 18.4 0.589 2.99

29 
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TABLE 13. COMPLEX IMPEDANCE FOR

GAF CORP. CARBONYL IR(~J 30% BY VOLUME

Dl— 0.00739 (~ r~~
) = Inner diameter of the bra~ a outer conductor

D2— 2 .6oxicr3 (METER ) = Outer diameter of the copper inner conductor

Li— 0.200 (t .wr~ ii) = Length of the sample

F]. z(oc ) - 8(oc ) z(sc ) 9(sc )
(MHz) (onus ) (D~x REEs ) (

~m.is) (DEGREES )

0.5 
- 

3290 -80.5 0.975 45

0.6 1100 -81 1.05 50.5

0.7 990 -82 1.15 51e.5

0.8 ~380 -82 1.275 58

0.9 800 -82.5 1.4 60

1 730 -83 1.5 62.5

2 387.5 -84 2.825 74

3 270 -85 11.2 7~ .5

li. 206 -86 5.6  - 61

5 3.66 -86 7.025 82

6 138 -86 8.1.25 83

30
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- TABLE 13. COMPLEX IMPEDANCE FOR
- OAF CORP. CARBONYL IRON 30% BY VOLUME (Cont ’d)

F]. z(oc ) 9(oc ) z(sc ) 6(sc )

(MEz ) (0RMS ) (DEGR~~S) (OHMS) (DEGR~~s)

7 13.5 -86 9.825 51. -
~

8 103 
- 

-86 11.0 84.25

9 94.0 -86 12.5 85

10 
- 

84.0 -86 14.0 85

20 34.5 -811 31.25 86 -

30 - 13.8 -74 62.25 8~

38.7 11.3 0 137 77.5 1-
40 Ii..75 2’~ 163 711
46.1$ - -— —- 1400 0

50 
—

. 16.3 72 230 -52.5

60 - - ‘ 31.5 77.5 62.0 -70.5

70 54.0 76 25.1 -63

‘1 

80 97.0 66 9.9 -3.5

81.75 
- —— S —— 9.45 0 -

90 173. 23 15.7 53.75 -

~

93.2 165 0 19.25 60

100 101 -32.5 28.8 69

31 
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TABLE 14. RESISTANCE AND REACTANCE FOR
GAY CORP. C.ARBONYL IRON 30% BY VOUJME

Fl R(OC ) R(SC) x(oc ) x(sc )
(MHz) (oHMs) (oHMS ) (o~~ ) 

(oin’is)

0.5 212 0.690 -1210 0.689

0.6 172 0.668 -3.090 0.810

0.7 1.37 0.668 -980 0.936

0.8 122 0.676 -871 1.08

0.9 1011 0.700 -793 1.21

1 89.0 0.692 -724 1.33

2 40.5 0.779 -385 2.72

3 23.5 0.837 -268 11.12

4 14.4 0.876 -205 5.53

5 11.6 0.978 -165 6.96

6 9.63 1.03 -137 8.36

7 8.23 1.03 -117 9.77 
-

8 7.18 1.10 -102 10.9

9 6.56 1.09 -93.8 12.4

10 5.86 1.22 -p3.8 13.9

20 3.61 2.18 -14.3 31.2

30 3.80 5.42 -13.3 62.0

38.7 4.30 29.6 0.00 133

40 4.34 44.9 1.93 151

46.4 -- 11100 -— O.OC

50 5.011 1140 3.5.5

60 6.82 20.7 30.8 -58.4

70 13.1 11.4 52.4 -22.4

80 39.5 9.56 88.6 -2.~~-

81.75 -- 9.145 -- T~.OO

90 157 9.28 66.8 12.1

93.2 165 9.62 0.00 16.7

100 85.2 10.3 -54 .3 26.9

32
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TABLt 15. COMP LEX RELATIVE PERNI TTIV ITY AND PERMEAIILITY FOR
- GAF CORP. CARBONY L IRON 30% BY VOLUME

Fl K ’ K ’ K~ K”
(MHz) (#~ (ft) (ft$ (#)

0.5 5.24 23.5 5.24 3.94
0.6 5.33 23.0 4.23 3.64
0.7 5.08 21.8 3.63 3.06

0.8 5.14 21.5 3.21 3.02

0.9 5.32 21.0 2.96 2.76

5.06 20.6 2.63 2.53

2 
- 

5. 15 39.4 3 .48 2.04
3 5.39 i8.5 1 .06 1 .61

4 5.21 18.0 0.825 .26

5 5.22 17.8 0.733 1 .25

6 5.20 17.8 o.638 1 .24

7 
- 

5.37 17.7 0.51.3 1 .24

8 5.03 17.6 0.506 1 .23

9 5.04 17.0 0.443 1 .19

5.03 37.0 o.440 1 .19

20 4.73 17.4 0.331 3 .83

30 
-

~ 4.34 19.8 o.362 5.67

38.7 -- --
40 2.41 31.4 0.692 70.5

46.1. 0.00 -— -- --
50 5.21 7.24 3.99 2.35

60 2.53 5.55 0.897 1.23

70 1.08 3.61 0.548 0.903

80 0.121 2.09 0.1.50 o.931

81.75 0.00 -- -— —_
90 0.504 2.35 o.370 5.53
93.2 -— ——
300 0.89) 2.40 0.3112 3.77

33 
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TABLE 16. PHASE CONSTANT. CHARACTER ISTIC IMPEDANCE AND tan 8 FOR
GAF CORP. CARBONYL IRON 30% BY VOLU ME

F l 81 ZO tan 6(OC) tan £(SC)
(MHz) (RADIAN S/N) (OHMS) (#) (*1)

0.5 o.11 6 29.6 0.367 .00

• 0.6 0.136 29.7 0.158 0.824

0.7 0.154 30.3 0.141 0.713

0.8 ~.I76 30.7 0.14) 0.625

0.9 0.395 31 .0 0.132 0.577
I 0.214 33 .0 0.123 0.521

2 0.419 32.3 0.105 0.287
3 0.615 33.3 8.75xl0

_2 0.20 3
4 0.813 33.7 6.99x1o 2 0. 158
5. 1.01 33.9 6.99x10

_ 2 
0.341

6 1.21 33.9 6.99x10
_ 2 

0.323

7 1.40 33.9 6.99x10 2 0.305

8 1 .58 33.5 6.99x10 2 0.301

9 3.75 34.2 6.99x10
_2 

8.75x10 2

10 3 .94 34.2 6 99xI0 2 8.75xI0 2

20 3.81 32.7 0.305 6.99x10 2

30 5.69 28.7 0.287 8.75x10 2

38.7 
. 0.00 0.722

40 7.30 17.4 2.25 0.287
46.4 —— —— ——
50 6.44 53.2 0.325 0.767
60 4.72 42.4 0.222 o.354

70 2.89 34.2 0.249 0.530

80 0.842 15. 3 0.445 3.73

8 I . 75 — — —— — —
90 2.05 29.1 2.36 0.733

93.2 0.00 0.577

100 3.07 38.2 3 .57 o.384

34
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TABLE $7. COMPLEX IMPEDANCE FOR
FERROXCU~~ CORP. RD3 FERRITE 30% BY VOLUME

Dl- 8.05X10 3 ().~~ ER ) — Inner diameter of the brass outer conductor

I)2 0.00259 (METER ) - Outer diameter of the copper inner conductor

L1 0.198 (METER ) — Length of the sample

Fl -
~~~~

- z(oc ) 9(oc ) z(sc )
(MHz) (oHMs) (DEGREES) (om4s) (DzG~~zs)

0.5 2100 -86.5 1.0 57.5

0.7 1530 -87.0 1.275 614.0

1 
- - 

1090 -87.5 1.775 70.5

5 238 -89.0 8.6 84.0

10 
- 

117 -88.5 17.4 85.5

20 51.5 -87.0 39.0 85.5

30 24.0 -82.0 77.5 62.0

40 
- 

7.15 -48.0 196 68.0

43.2 5.3 0.0 317 119.5
116.7 7.6 ~~~ 435 0.0

50 
- 

12.2 60.0 290

60 
- - 

29.4 72.5 89.5 -69.5

70 52.5 72.0 41.5 -68.0

80 92.5 63.0 19.5 -51.5

88.8 153 39.7~ 11.6 0.0

90 160 32.0 11.8 9.0

95.5 167.5 0,0 15.6 110.0

1.00 138 -21.5 21.4 53.0

35
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TABLE 18. RES ISTANCE AND REACTANCE FOR
FERROXCUBE CORP. RD3 FERRITE 30% BY VOLUME

Fl R(OC ) R(SC ) - x(oc ) x(sc )
(MHz) (oHME) (oii~is) (o~ is) (oats)

0.5 128 0.537 -2100 0.543

0.7 80.1 0.559 -1.530 1.14

1 117.5 0.592 -1.090 1.67

5 4.15 0.899 -238 8.55

10 3.06 1.36 -117 17.3

20 2.70 3.06 -51.4 38.9

30 3.314 10.8 -23.8 76.7

40 14.78 73.4 -5.31 182

113.2 5.30 206 0.00 241

116.7 ~.33 435 5.42 0.00

50 6.10 209 10.6 -201.

60 8.84 31.3 28.0 -83.8

16.2 15.~ 49.9 -38.5

80 42.0 12.1 82.4 -15.3

58.8 118 11.6 97.8 0.00

90 13~ 11.7 84.5 1.54

95.5 ior~5 ~-~- •~~ 3.00 10.0

100 3.2~ 12.9 -50.6 17.1

36
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TABLE 19. COMPLEX PERM ITTIV ITY AND PERMEABILITY FOR

~jRROXCUBE CORP. RD3 FERRITE 30% BY VOLUME

I I II

Fl K K.~ K”
(MHz) (#) (H) (#) (H)

0.5 5.97 35.6 3.80 o.954

0.7 5.79 15.3 2.82 0.803

I 
- 

5.92 15.0 2.09 0.655

5 
- 

5.98 33.6 0.629 0.237

10 5.86 13,3 0.46; 0.349

20 5.66 13. 3 o.446 0.685

30 5.35 13.6 0.752 1 .91

40 3.85 38.4 ‘.56 36.6

43.2 -— -—
46.7 0.00 -— —~~ ——
50 4.39 9.53 4.55 5.50

60 2.99 5.88 1. 12 1 .85

70 1.60 3.84 0.645 3 .25

80 0.637 2.3~. 0.507 1.19

88.8 0.00 -- -- --
90 7.20*30 2 2.33 o.~55 3.40

95.5 —— ——
300 0.548 2.93 ~.4l3 7.1.3

37
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TABLE 20. PHASE CONSTANT , CHARACTERISTIC IMPEDANCE, AND tan 5 FOR

FERROXCUBE CORP. RD3 FERRITE 30% BY VOLUME

Fl BI ZO tan S(OC) tan s(sc)
(MHz) (RADIANS/N) (OHMS) - (H) (H)
0.5 0.30 1 42.0 6. l2x lO 2 0.637

0.7 0.138 41.8 5.24xl0
_ 2 

o.488

I 0 .397 42.7 4.37x10 2 0.351.

5 0.944 45. 1 I.75x10 2 0.105

30 1.85 1.5.0 2.62xl0 2 7.87xI0 2

20 3.63 114.7 5.24x10 2 7.87x10 2

30 5.36 42.7 0. 141 0.143

40 7.06 31.1 0.900 0.404

43.2 0.00 0.854

46.7 0.00 0.00 0.983

50 6.78 46. ) 0.577 1 .01.

60 5.27 48.5 0.3)5 0.371.

70 3.63 43.8 0.325

80 2.05 35.5 0.510 0.795

88.8 0.00 0.00 1 .20

90 0.738 32.5 .60 6.3 3

95.5 0.00 1 .19

300 2.65 29.5 2.54 0.754
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TABLE 21 , COMPLEX I MPE DANCE FOR
INDIANA GENERAL QI. FERRITE 50% BY VOU~4E

D1 0.00812 (Mi’rER) - Inner diameter of the brass outer conductor

D2— 2. 57X10 3 (M~’rER) = Outer diameter of the copper inner conductor

L1 0.198 (?TrER) = Length of the sample

F]. z(oc ) 9(oc ) z(sc ) 8(sc )
(MHz) (o,,ls) (DEGREES) (oi~~) (D~~EEs)

0.5 2270 -77.5 1.375 55.75

0.7 
- 

1720 -78.0 1.775 63.75

1 1270 -79.5 2.425 70.0

5 313 -83.25 11.5 84.0

10 162 -811.0 211.3 86.0

20 76.25 -83.5 57.25 85.0

30 
- 

39.75 -78.25 121 80.0

40 18.2 -59.0 377.5 50.0

43.75 
- 

12.8 -37.75 535 0.0

11.7.7 11.1 0.0 342.5

50 12.8 21.0 261 -55.5

60 31.6 55.75 108 -69.5

TO 62.25 58.0 62.5 -69.0

80 112 115.25 37.25 -60.5

90 168 6.25 23.4 -38.5

91.25 168 0.0 22.11. -311.25

99.2 1311. -30.0 20.7 0.0

100 128 -31.75 21.0 3.75

39
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TABLE 22. RES ISTANCE AND REACTANCE FOR

INDIANA GENERAL Qi FERRITE 50% BY VOL~Th~

Fl R(OC) R(Sc) x(oc ) x(sc
(MHz) (oB~~) (o!aE) (o”~~) 

(0HME

0.5 1191 0.774 -2220 1.14

0.7 358 0.785 -1680 1.59

1 231 0.829 -1250 2.28

5 36.8 1.20 -311 11.11.

10 3.6.9 1.70 -161 24.2

20 8.63 4.99 -75.8 57.0

30 8.09 21.0 -38.9 119

40 9.37 2113 -15.6 289

43.75 10.1 535 -7.84 0.00

11.7.7 11.1 246 0 .00 -238

50 11.9 148 4.59 -215

60 17.8 37.8 26.1 -3.01

70 33.0 22.14 52.8 -58.3

80 78.8 18.3 79.5 -32.14

90 167 18.3 18.3 -14.6

91.25 168 18.5 0.00 -12.6

99.2 11.6 20.7 -67.0 300

100 109 21.0 -67.14 1.37

LeO
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TABL E 23. COMPLEX PERMI TTIVITY AND PERM EAII LITY FOR

IND IANA GENERAL QI FERRITE 50% BY VOLUME

Fl K,~, K’ K...” K”
(MHz) (H) (H) (HY (H)

0.5 7.95 15.0 5.1.1 3,33

0.7 - 7.95 14.1 3.92 3.03

1 7.96 13.3 2.90 2.47 —

5 7.90 0.6 0.83) 3.25

10 8.09 9.87 o.566 1.04

20 8.2; 9.06 0.719 1.03

30 8.35 8.58 1.1.7 3.78

40 7.88 8.33 6.62 5.00

1.3.75 0.00 -— —- ——
47.7 —— —— (0

50 3.33 35.1 2.15 39.4

60 3.30 5.95 3 .23 4.05

70 2.25 3.48 o.863 2.17

80 1.26 2.33 0.714 2.31

90 0.462 8.27 0.583 75.5

93 .25 -- ——
99.2 0.00 —— —— ——
100 4.77x10 2 2.46 0.728 3.97

141 
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T~BLE 24. PHASE CONSTANT. CHARACTER I STIC IMPEDANCE AND tan S FO!
INDIANA GENERAL Q1 FERRITE 50% BY VOLUME

Fl B) ZO tan S (OC) tan 6tSc)
(MHz) (MD I ANS/M) -(OHMS) (H) (H)

0.5 0.115 50.2 0.222 ~.68I

0.7 
- 0.156 53 .8 0.213 0.493

0.216 53.3 0.185 0.364

5 0.959 59.6 0 .118 0.105

30 3 .87 62.5 0.305 6.99*10
2

20 3.62 65.7 0.111. 8.75x10 2

30 5.32 68.) 0.208 0.176

40 6.79 67.2 o.6o1 0.839

43.75 0.00 0.00 1 .29

47.7 0.00 — 3 .04

50 7.21 33 .1. 2.6* 0.687

60 5.57 51.1. 0.68’ o.37~

70 4.10 55.5 0.625 0.381.

80 2.87 50.8 0.991 0.566

90 3.69 6.3 9.13 1 .26

91.25 (0 0.00 1 .47 - -

99.2 0.00 0.00 3 .73

100 0.718 9.62 .62 15,.3

42
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TABLE 25. COMPLEX IMPEDANCE FOR
INDIANA GENERAL Qi. FERRfl’E 50% BY VOWt4E

N.B. This is the same sample as the previous one except it is cut down to -

aoout 2 inches to allow resonance at higher frequenc~’.

Dl- 0.00813 (,‘TrER) Inner diameter of the brass outer conductor

D2— 2. 51X10’3 (~~rER ) = Outer diameter of the copper inner conductor

Li- 8.~~X1O 2 (i.~E’rER) = Length of the sample

Fl z(oc ) 9(oc ) z(sc ) 9(sc ) -
(MHZ ) (oH~.is) (DEG1~EEs) (ow.~ ) (J~ o1~ERs) -

-

0.5 5425 -80.25 0.87 49.75 
-

0.7 4ooo -81.0 0.95 58.0 -

1 2940 -82.25 1.2 65.5 -

5 657.5 -85.25 5.5 85.0

10 ‘- - - 332.5 -85.75 10.5 88.0 -

20 
- 

— 168 -86.0 22.9 88.5 -

30 107 -86.0 36.0 88.0 -

40 77.0 -84.5 53.25 87.0

50 55.75 -83.5 76.0 85.0

60 40.25 -81.0 109 82.0

70 - 28.9 -77.75 175 711.5

80 18.8 -69.5 320 53.0 
-

58.5 11.9 -55.5 450 0.0

90 10.8 -50.0 425 -11.5 
-

95 8.li -28.25 315 -36.0

99.2 7.75 0.0 2119 -47.5

100 7.8 14.0 237.5 -49.0
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TABLE 26. RESISTANCE AND REACTANCE FOR

INDIANA GENERAL Q1 FERRITE 50% BY VOLU~~

Fl R(OC ) R(SC ) x(oc ) x(sc )
(MHz) (oiD.~) (0iB~ ) (OH~~) (OIB4S)

0.5 919 0.562 -5350 0.664

0.7 626 0.503 -3950 0.806

1. 396 0.498 -2910 1.09

5 54.11 0.479 -655 5.48

1.0 24.6 0.377 -332 1.0.8

20 11.7 0.599 -168 22.9

30 7.146 1.26 -107 36.0

40 7.38 2.79 -76.6 53.1

50 6.3]. 6.62 ~55.14 75.7 
-

60 6.30 15.2 -39.8 108

70 6.13 46.8 -28.2 169

80 6.58 1~2 -17.6 256

58.5 6.~4 450 -9.81 0.00

90 6.911. 416 -8.27 -B4.~

95 7.40 255 -3.98 -185

99.2 7.75 168 0.00

100 7.75 156 0.544 -179

44 
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TABLE 27. COMPLEX RELATIVE PERMITT IVITY AND PERMEABILITY FOR

INDIANA GENERAL Ql FERRfl’E 50% BY vOLUMH

Fl IC K~~ K’

(MHZ ) - (#) - (#) - ..-~ 
(#) (#)

0.5 11.5 - 15.4 9.69 2.64

0.7 9.92 14.8 6.20 2.35

1 
- 

9.141 14.1 4.29 1.92

9.42 12.5 0.824 1.04

10 
- 

9.21 12.2 0.322 0.911

20 , - 
- - 9.145 11.7 0.248 0.621

30 9.37 11.6 0.327 0.813

140 . ,,. 9.56 11.2 0.501 1.08

50. 9.64 11.0 0.8113 1.25

60 - 9.65 - 10.7 1.36 1.70

70 10.0 10.0 2.79 2.3.8

80 9.50 10.0 7.16 3.76

68.5 0.00 -- -— -—
90 3.22 21.8 15.8 18.3

95 3.51 22.7 4.83 42.3

99.2 —— ——
1.00 1.29 63.0 1.12 902

- 45
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TABLE 28. THE PHASE CONSTANT, CHARACTERISTIC IMPEDANCE AND tan 6 FOR

IND I A N A GENERAL 0.1 FERRITE 50% BY VOLUME

= F) 81 ZO tan 6 (oc) tan £ (SC)
(MHz) (RADIANS/K) (OHMS) (#) (#)

0.5 0.139 59.6 0.372 0.847

0.7 0.1 78 56.4 0.158 0.625

1 0.241 56.4 0.336 0.456

5 1. 11. 59.9 8.31x10 2 8.75xl0 2

30 2.23 59.8 7.43x10 2 
3.49x10 2

20 4.1.2 61.9 6.99x10 2 2 62x10 2

30 6.56 62.0 6 99x10 2 3.49x10’2

40 8.66 63.8 9.63*10 2 5.24x10 ’2

50 10,8 64.8 0. 114 8.75x)0 ’2

60 12.8 65.5 0.158 0.343

70 14.7 69.0 0.2)7 0.277

80 16.4 67.1 0.374 0.754

88.5 0.00 0.00 0.687

90 15.8 26.5 0.839 4.92

95 7.8 27.1 3 .86 1 .38

99.2 0.00 0.91

100 18.9 9.88 14.3 0.869
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The most important parameters sought are the real and Imag inary
parts of the comp lex relative permeablUty . These are plotted as a function
of the frequency in FIgs. 7—13. With the except i on of the un l oaded silicone
rubber, al l samples exhibit a magnetic resonance correspond i ng to the dimen-
siona l resonance. For most of the compositions , the real Km and imag inar y
K parts of the permeabil ity are fairly constant for the frequency range
below the resonance peak. This is essential for use in a practical device.
The fact that the resonance phenomenon is not an intrinsic property of the
materials , but is related to the dimensions of the coaxial line sample , is
borne out by the data of Fi gs. 12 and 13. The data in Fig. 12 is for an
8—inch coaxial line wh i le that in Fi g. 13 is for a 2—inch line each wIth the
same volume % of Qi. Note that the resonance peak for the shorter sample
occurs at almost twice the frequency for that of the longer sample. This
suggests that the actua l usefu l frequency range for these materials extends
out in frequency much beyond the resonance point , that is , to a point where
intrinsic magnetic resonances would occur. The intr insic magnetic resonance
will occur at much hi gher frequenc i es For composi te materia ls than for dense
bulk materials. The ori gin of this effect is discussed in Section 5.

4. COMPARATIVE SIGNAL I NTENSITY OF A COMPOSITE TOROID

A toroid 7/8” 1.0., 2—5/8” 0.0., and 7/8” cross section was fabricated
from carbony l i ron as described in Section 2. Several turns of multistrand&
insulated wire were wrapped around the coi l and optimized for operating at
27.125 Ml~~. The Q was found to be 45. The i nductor (toroid with windings)
was mounted on the barre l of a simulated rifle and the impedance matched to a
walkie—talkie tuned to 27.125 MHz.. The si gna l strength was then
measured with an Fl meter plus whip for the rifle in different positions as
indicated in Table 29. ComparatIve data is g i ven for an air HEMA C mounted
on an M—l6 rifle (Table 30), and a dense ferrite rod of Q2 mounted on the
gun (Table 31). These resu lts, when compa red with si gnal strengths obtai ned
with an XMTR whip (bottom of Tables 30 ,31), indicate that the ferrite toroid
is comparable  to a wh ip ,  but has directional or anisot ropic response not
available wi th a whip.

5. INITIAL PERMEABILITY DEPENDENCE ON DILUTION

The experimental results indicate that the real part of the initial
permeabil ity for all the composites studied fali within a narrow range, I to
10, compared with the range found for bulk magnetic materials. Maxwell7
studied dilution of one conductor In a matrix of a second , and Ray lei gh8
studied the static dielectric constant of one material in another. Both
assume spherical particles and at hi gh dilution the resulting add itivity
l aws become identical.

According to Baldwin ,9 the relative susceptibility of magnetic particles
is g i ven as

M/I&oHa — fM 1 /MoHa — fx,A l + PM0NgX3 ) (44)

• 7. J.C. Maxwell , Treatise on Electr ic i ty and Magnet ism ,3rd Edition , (Oxford
Univers ity Press , Oxford , England, 1904), 440.

8. J. W. Raylei gh, Phil. Mag. ~~ 481 (1892).
9. J. A. Baldwin, J r ., J. Appl . Phys. ~~~~~ 217 (1968) .
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whe re

susceptibility of the Composite

P4 magnetization of the composite

P4 pe rmeabIlity of vacuum

H applied field

f a vol ume fraction (volume of magnetic particles/vo l ume of
composite)

— susceptibility of the magnetic particles

p is the porosity = 1-f

II the demagnetization factorg

~n the limit of hi gh dilut i on

x f~ 1/(l + ~0N
9~ 1) (45)

Subs t i tu t ing P4 1 = + I , one obtains

(i.’ — l)/( ,.. — I + l /~&0N9
) = — I)/(t.1 — 1 + l/M0Ng

) (146)

if is the permeability of magnetic particles in a matrix whose permeability
Is 

~2’ and observing that i~ ~~~~ 
and s.~ ~~~~ 

the following result is

obtained by substituting in Eq. (46)

(15. — 1L 2)/(IJ. 
+ /~0

N
9 

— l
~~

5.2) = — 

~2~
’
~~l + (l/ ~L0Ng — 1)15.2 ) (~7)

For spheres I/M0N = 3. Making this substitution yields

— + 215.2) = f (~~1 — 

~
‘2~”~”~l + 21.5.2)

which is the Maxwell—Raylei gh fo rmula for dilute mixtures .

Bruggeman1° has derived the following expression for more concentrated
mixtures usin g Eq. (147):

— - = p(~~/~, )
MoNg

Baldwin9 has simplified this equat i on for application to real systems. He
assumed that the permeability of the nonmagnetic matrix material equals one,
(1.2 a 1). If we conside r po ros i t ies  a’ .3, the permeability of the particles
is rel at ively independent of 

~l and depends to a great degree upon demagneti-zation effects. One obtains an app roximate expression by setting 
~ 

a

10. D.A .G. Bruggemeri, Ann. Phys. 3~j, 636 (1935).
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Using the indicated substitutions Bruggeman1s express ion becomes

I a

P. — p. (l/p) I/M0N9

P. ~-(l/t4~Il~) (48)

For a sphere , Eq. (48) y ields

- 
p . = 1/pa (49)

In Fi g. 14 the permeability is p lotted as a function of porosity for a
number of experimental samples. The solid curve l abe l ed i/p3 refers to
Eq. (1+9) ; the curve labe led P4-R (Maxwell—Ray lei gh) is obtained by plotting
~ ‘ (3(I—p)/p) + 1. This equation was derived f rom Eq. (1414) by substitut i ng
(p. -1) for x and (p.1 - 1) for and assuming p.5 infinIte and spherical
particles . Both curves of Fig. lie assume that tRe permeability of the bulk
magnetic material is infinite.

As a zero order approx i mation the fit to the Bruggeman equation is good.
Baldwin9 has shown that curing of composites in a magnet ic f i e l d  enhances the
permeability lead ing to a large deviation from the 1/p3 dependence. A most
Interesting result of this Investigation is that the I/p3 dependence holds to
very hig h frequency. The data of Alekseev and PoItinnikov~ indicates that
the permeability of NIZn ferrite rema i ns constant out to almost 1000 MHz.

In bulk magnetic materials the larges t contribution to the Initial per—
meabil ity arises from displacement of domain walls. Since few domains are
present in the small magnetic particles and the particles are well separated,
the displacement mechanism contributes little. The major contribution is
from rotationa l permeability . Because displacement of walls is generally
absent , the low frequency loss associated with it Is absent. This Is the
ori gin of the observed constant permeability which extends to much hi gher
frequenc ies than observed for the same material In bulk form.

6. CONCLUS ION

The princ i pa l result of this Investigation Is the confirmation of
Baldwin ’s K_~ 

a I/p3 law to a frequency of 100 MHz In composite magnetic mate-
rials. A mate r ia l  scientist or engi neer desi gning a composite magnetic in-
duct lye device need only consult a plot of Km vs p for any concentration de—
sired and the permeability is known. Considerations of Q, electrica l resis-
tivity , dielectric constant or character istic mpedance at hi gh frequency are
then the major cons i derations . Thought mus t also be given to dimensional
resonance effec ts in desi gning components since the size of components can
l imit the maximum frequency of use. This work could be extended to Include
materIals cured In a dc magnetic field in order to Increase permeablUty ,
an Invest i gation of the temperature coefficient of K,. and a study of the
effect of a dc bias on K,.

11. A.G. Alekseev and S.A. Poltlnnikov , Izvest lya Akadem il Nauk SSSR ,
Neorganic heskie Material y ~, 455 (1973).
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• Fig. 114. The variation of the rea l part of the initial permeability,
with porosity. A U data is for 20 MHz except as

indicated.
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APPENDIX

The following is the computer program used to calculate the va l ues for
a ll samples us i ng Eqs. (1.0—43) without any correct ions .

The language is “Basic.’ The raw data is put into a file C8 FILE in
the format: The first line contains an identify ing string and a number which
desi gnates the number of frequency entries . The second line has three num-
bers, which are, respectively, the inne r diameter of the outer brass conduc-
tor a Dl in inches, the outer diameter of the inner  coppe r conductor = D2 in
i nches , and the length of the sample = 11 in inches . The remaining lines of
the raw data have five numbers, which are, respective ly, the frequency in
MHz, IZ(oC)I i n ohms, 9(oc) in degrees, jZ(SC)( In ohms, f:l(SC) in degrees .
The output from this program is saved in  f i l e s  R8 FILE , P48 FILE , (8 FILE.
The program Is:

100 PRINT “O~D YOU SPECIFY FILE—NAME WITH EQUATE C8 FILE = FILE—NAME
BEFORE RUNNING”

152 P4=100
154 A$ a ‘UNSPECIFIED”
160 FILES CS FILE , R8 FILE (50) , MS FILE (so) , ER F ILE (50)
1460 GO TO 2150
500 STOP
2 1 50 INPUT # 1, A$, H
2200 INPUT #1, Dl , D2, Li
2300 P 1— 3 . 14) 59 265
2400 Kla(l/ (2*P1))*LOG(Dl/D2)
2500 L8.Ll*2.54E~2
2600 PRINT
2700 PRINT
2800 PRINT
2900 PR INT “NAME OF FILE” : AS
3000 PRINT “1(METER)~~’L8 ; ‘Kl ”Kl
3100 PR tNT ‘‘Fl’’,’’R (OC)”,’’R(SC)’’,’’x (oc)’’ ,‘x (Sc) ’’
3110 PR ~NT “(MHZ)”,”(OHMS)”,’’(OHMS) ‘‘,“(owlS) ‘‘,‘‘(OHMS)’’
3120 PR INT “ZO”,11BETA”,”Cl’’ ,“L3’’ ,“MU(R)”
3140 PRINT “(oiiiS)”,”( I /M) I ,h1(FA RAD)~~,h1(HENRY)h1 , (#)tI
3160 PRINT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3180 PR INT “(#)‘‘,“(#) “,“ (#)“ ,“ (#) ‘ ‘ ,“ (#) “
3300 FOR N l  TO H
31.00 INPUT #l:9000,Fl ,Zl ,T1 ,Z3, T3
3500 0l~ 2*P1*FI*lE6
3600 R1aZ 1*COS(Tl*(Pl/180))
3700 R3aZ3*COS(T3*(Pl/l80)) : -

3800 X)~fl*SIN(T)*(P1/I8O)) 
• -

3900 X3aZ3*SIN(T3*(Pl/l80))
4000 Z0.SQ~R(ABS(Xl)*ABS(X3))
14100 Bl— (ATN(SQR(ABS (x3)IABS (X I))) )/18
14200 Ml (Bl*ZO/ (Kl*Ol)
4300 El—(Bl*K1)/(O l*Z0)
4400 M9—Ml/(4*Pl*1E-7)
4500 (9 — Ei/(8.854E—12)
4600 C)—L3 — )
14700 lF Xl /LT 0 THE N 6000
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~~~~ ‘ 5- . - _-_,—-~_-- 5--_-_ - ____—. ‘-——5- - - 5-5-5-5-5- -• - 5-5-5-5-5-5-

4800 IF X3 /GT 0 THEN 7000
4810 T5.Rl/(ABS(XI))
1.820 T7”R3/(ABS(X3))
4840 E8a75*E9
4860 P48.17*149
4900 PRINT Fl ,R l ,R3, XI ,X3,ZO ,B l ,C),L3,M9, E9,T5,qM8,E8
14910 PRINT
4920 PRINT
4940 PRINT #2,Fl ,P I ,R3, X 1 ,X3, ZO
4960 PRINT #3,F1 ,M9,E9,148,E8
4980 PRINT #4,FI ,C1 ,L3,T5,T7
5000 NEXT N
5)00 GOTO 9999
6000 CIal/(Ol*ABS(XI))
6100 GO TO 4800
7000 L3—X3/O l
7100 GO TO 4810
9000 PR INT ” F I L E IS 01)1 OF DATA; LI ST FILE TO SEE IF THERE IS A PROBLEM ”
9100 GOTO 9999
9999 END
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