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Dielectric Constant

Ferrites at

and Loss Tangent of Microwave

Elevated Temperatures*

I. BADY~ AND

Summary—Experimental data are given on the effect of elevated

temperature on the dielectric properties of ferrites intended for

microwave applications. Measurements were made at X band. The

real part of the dielectric constant generally increases slowly with

temperature, the maximum temperature coefficient observed being

300 parts per million per degree C. The dielectric loss tangent also

generally increases with temperature. Measurements were made in

a rectangular waveguide cavity, using a modified perturbation tech-

nique. It is shown that the simple perturbation technique may cause

an appreciable error in the measurement of the real part of the

dielectric constant. The effect of the finite resistivity of the cavity

walls and the effect of the cavity irises on the measurement of the

dielectric loss tangent, are also considered.

INTRODUCTION

T

HE DIELECTRIC properties of a ferrite strongly

influence the performance of the microwave de-

vice in which it is used. It is therefore important

to know how these properties vary with temperature.

The dielectric properties of a large number of ferrites

were measured over the temperature range of room

temperature to 250°C or the Curie temperature, which-

ever was lower. The samples were obtained from several

commercial suppliers, and were commercially available

at the time they were obtained.

The dielectric constant of ferrites is a complex quan-

tity given by

K = K’ – jK”, (1)

where K’ is the real part of the dielectric constant, and

K‘’ the imaginary or dissipative part. The dielectric

loss tangent is defined as

tan 6 = h“’’/K’. (2)

The dielectric loss tangent is sometimes called the dis-

sipation factor.

GENERAL TEST METHOD

Me&urements were made using a resonant cavity and

perturbation theoryI–3 substantially as described in the

“Proposed Method of Test for Complex Dielectric Con-

stant of Non-Metallic Magnetic Materials at Micro-

* Received August 6, 1962; revised manuscript received Febru -
ary 21, 1963. -

t U. S. Army Electronic Research and Development Laboratory,
Fort Monmouth, N.J.

1 G. Birnbaum and T. Franeau. (~hlea~urelnent of the dielectric

coustant and loss of solids and ‘liquids by a cavity perturbation
technique, ” ~. A)@l. Pkys., vol. 20, pp. 817-818; August, 1949.

z T. O. Artman and P. E. Tannenwald. “Microwave SusceDtibil-.
ity Measurements in Ferrites, ” M.I.T. Lincoln Lab., Lexi~gton,
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3 R. F. Soohoo, “Theor>- and Application of Ferrites, ” Prentice-
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wave Frequencies, ” prepared by a task group of the

American Society for Testing Materials (ASTM),

The cavity used was a TEIO. cavity in rectangular

waveguide where n was odd. The test samples were in

the shape of rods approximately 0.035 in in diameter and

1+ in long. Holes with diameters slightly larger than

0.035 in were drilled in the center of the top and bottom

walls of the cavity so that a sample could be inserted

into the cavity. Both ends of the sample extended

through the cavity. The sample was thus located at an

electric field maximum, and the axis of the sample was

paralled to the electric field.

The test frequency was approximately 9.4 gigacycles.

All frequency measurements were made using a fre-

quency counter that measured a known subharmonic of

the actual frequency.

TEST RESULTS

Test results for the real part of the dielectric constant

k“’ are shown in Table I. At 25°C the actual value of K-’

is given. At other temperatures, the ratio of K’ at that

temperature to K’ at 25°C is given,

Table I shows that the real part of the dielectric con-

stant generally increased with temperature. However,

the increase was quite small. Sample 1 showed the

maximum increase, and at 250° C this amounted to 6.2

per cent; this corresponds to a temperature coefficient

of approximately 300 parts per million per degree C.

Test results for tan 6 are shown in Table II. For most

samples, tan 6 increased with increasing temperature.

Some cases of tan 3 decreasing with temperature were

noted. These decreases are fairly small and may be due

to measurement error.

The composition of the samples and the values of

saturation magnetization (47nM,) were obtained from

the manufacturer’s data. The composition gives only

the principal elements and may not include small

amounts of additives. It will be noted that in some cases

there are two samples, each with the same indicated

composition and very similar saturation magnetization,

that behave quite differently. This could be due to dif-

ferences in processing techniques and use of additives

as practiced by different manufacturers.

DISCLTSSION OF SOME ASPECTS OF TEST METHOD

Fo~wulas Based on Pertltrbation Theo~y

In measuring the dielectric constant of a ferrite

sample, the resonant frequency and loss tangent of the
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TABLE I

k-’ AS A FUNCTION OF TEMIW?AIVRE

TABLE II

‘r~N 8 .ASA FUNCTION OF ‘r13MP13R~T1TRE

Compo-
sition b-iv.’

3300
3150
3000
Zloo
2390
2300
2300
2000
1900
1880
1800
1800
1670
1500
1500
1400
1300
1250
1200
1200
1100
1030
950
950
800
750
700
670

600
500
440
350

25°c 100”C 200°cSample
250°c100”C

Ratio

1.o~3
1.008
1 00+

.998

.994
1.009
1.007
1.006
1.007
1.009
1.009
1.010
1.003
1.005
1.000

.998
1.002

.994
1.000

.988
1.000

.989
1.002
1.002
1.000

.999
1.006
1.005

1.006
.997

1.000
1,007

150”C

Ratio

200”C
—_
Ratio

1.036
1.021
1.0.21
1. 02.!
1.016
1.016
1.013
1.021
1.022
1.034
1.021
1.020
1.019

.981
I 0~6
1.025
1.031

1 ~25
—
.
—
.
—

1 ;30
.
—

—
—

25°C

K’

Con] po-
sition

Ni
.NiCO
NiCo
~Ticu

N;
MgM 11
Mghfn
NIgNIn
NIglLIn

YIG
NIgNIn
il[ghln

NiCo.41

Ni
Mghlnlll
NiCoAl

NiM
NrgLI1l.\l
NI~Mn.M
MgNInAl
MgMnLAl
lUKMnL+l
ikIgMnAl

Mgh’I 11.11

lLfghlnLw

NiAl
ilI~hInAl
Hyb.

Gal-net
nIgNI1l.M
MgMn.+1
Ni.M
N iAl

Sampl, 150”C 250”C

:0715
.0009
.0075
,0022
.()()2()
—

.0020

.0032

.0011

.0006

.0096

.0393

.0001

.0021

.0;11
,0244

—
.
—
.
—
—
—
—

.0002

—

—

Ratio
0137

.0011
,0013
.0001
.0009
.0002
.0001
.0004
.0001
.0007
.0004
0029

.0007

.0014

.0001

.0005

.0043

.0001

.0009

.0008

.0009

.0001

.0002

.0002

.0001

.0002

.0004

.0014

.0001

.0003

.0004

.0003

.0205

.0006

.0008

.0004

.0006

.0001

.0001

.0002

.0001

.0006

.0013

.0076

.0004

.0018

.0003

.0005

.0071
0002

.0003

.0016

.0008

.0002
000.?
0001

.0002

.0003

.0003

.0011

.0001

.0005

.0007

.0007

.0.318

.0008

.0006

.0006

.0005

.0003

.0004

.0007

.0002

.0006
,()()~5
.0149
.0002
.0011,
.0007
.0006
.0106
0005

.0006
,0027
.0013
.0005
.0005
.0002
.0004
.0008

.0009

—

.0013

.0004

.0447

.0007

.0007

.0012

.0009

.0006

.0012

.0011

.0002
,0006
.0034
.0194
.0001
.0017
.0017
.0007
.0165

;
3
4

:
7

;
10
11
12
1.3
14
15
16
17

+:
20
21
22
23
24
25
26
27
28

29
30
.31
32

3300
3150
3000
2400
239o
2300
Moo
2000
1900
1880
1800
1800
1670
1500
1500
1400
1300
1250
1200”
1200
1100
1030
950
950
800
750
700
67o

600
500
440
350

— —
Ni

NiCo
NTiCo
NiCo
NTi
NIgM n
ilfgM1l

hlgitfn

MgilJn
YIG
L1gMn
NIgiLIn

NiCo.M

Ni

lVIglbInA

N i COAl

N-iAl
LIgMn.4

MgNlnA
iVIgILfn.4
Nrghfn.4
MgLInA
hIgnhlA
MgMnA
lLlglL’InA
NiAl
MgMnA
Hvb

Game
MgilInA
MgM n.~
Ifi.-’d

NiAl

12.5
12 4
12.5
12.4
8.72

12.3
12.7
12.2
12.5
14.7
11.9
11.8
10,9
8.46

11.7
12.0
11.0
11.2
11.3
10.7
10.4
11.2
9.26

11.2
10.8
10.1
9.60

14.1

11.2
10.8
8,06
8,~o

1.027
1.019
1,003
1.012
1.009
1.018
1.017
1,019
1.019
1.015
1.015
1 .02.3
1.016

.986
1.014
1.009
1.017
1.013
1.000
1.011
1.018
1.012
1 010
1.014
1.016
1 014

1.062
1.031
1.027
1.032
1.023

1 X34
1,037
1.032
1.030
1,040
1.051
1.031
1.029

—

1.027
1.051

—
—
—
—
—
—
—

1 T49
.
—

.
—

;
3
4
5
6
7
8

1:
11
12
13
l-k
15
16
17

;$
20
21
22
23

::
26
27
28

’29

30
31
31

.0011

—
—

.0006
—
—

—
—
—

1.00.3

—

1 ;20
1.006 — —

* Commercial Values.
* Commercial Values

K’ at given ternl)eratLlre
Ratio = “ “

h“ at 25°C
Eq. (5) is given in the ASTNI test method referred to

previously.

Cov~cction for Relatively Large Samfile Diametey
cavity without a sample, and of the cavity with the

sample, are determined. Let subscript 1 denote meas-

urements made on the cavity without a sample, and

subscript 2 denote measurements on the cavity with a

sample. We then havel–? (for the cavity described

above),

For the perturbation theory to be accurate the sample

diameter must be “sufficiently small. ” The criteria as to

when a diameter is sufficiently small will be discussed

below. 1n practice, sample diameters in the range of 0.03

to 0.05 inch have been used by different laboratories

at a test frequency in the range of 9 to 10 Gc. The test

method for dielectric constant proposed by the ASTM

specifies a sample diameter of 0.04 inch for this fre-

quency range. .k noted above, the samples reported in

this paper had diameters of approximately 0.03.5 in.

This value was chosen before the ASTM diameter was

established.

The equivalent circuit of a dielectric post in a

rectangular waveguide is given by lVIarcuvitz.4 For a

sample with a diameter of O.O35 in at a frequency of 9.4

Gc, the sample behaves like a shunt capacitive react-

ance whose normalized magnitude is given in

(3)

(tan 8,), – (tan &), = 4K” ~, (4)

where F is the resonant frequency of the cavity, 17. and

Vc are the volrrlme of the sample and cavity, respec-

tively, and tan 8. is the loss tangent of the cavity. A“’

and K“ can be readily determined from the above.

The loss tangent of a cavity is measured by determim

ing the two frequencies Fk and Fl on either side of the

resonant frequency F,, at which the output of the cavity

drops by a db. We then have

67.1
jy, =_ — – 0.47.jy! _ ~ (6)

Fh – F1
tan 80 = —= ~.

FT<lOc/10 -- 1
(5) 4 N. Marcuvitz, “Waveguide Handbook, ” h’I.I.T. Rad. Lab. Ser.,

hIcGraw-Hill Book Co., Inc., New York, N. Y., \,ol. 10, p. 266; 1951.
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If the equation for shunt reactance had been derived

on the basis of perturbation theory, the result would

be as shown in (7)

67.1
xr=—

j2J _- “
(7)

Eqs. (6) and (7) are both approximate. However, (6)

is the more accurate since it contains the term calculated

on the basis of perturbation theory, and also includes

an additional term. With this additional term, the

normalized reactance goes through zero and becomes

negative for sufficiently large but finite values of A“’.

However, in the case of (7), the normalized reactance

cannot become negative no matter how large K’ is.

Reference to the tabulation of normalized reactance

given by Marcuvitz5 shows that the normalized react-

ance does indeed go through zero and becomes nega-

tive as K’ increases.

It can be shown that the error in calculating h“ using

(3) is substantially the same as ‘in calculating X’ using

(7). A first-order correction to the perturbation theory

can therefore be obtained from (6) and (7). h’fanipula-

tion of these equations yields

(K’–l)T= 1

(K’ – l)A
(8)

1 + 0.00705 (K’ – 1).4 “

(K’ – 1)~ is the “true” value of (K’- 1). (K’— l)A is the

‘(apparent” value of (K’ — 1) that would be obtained

through use of (3).

Eq. (8) applies only for a diameter of 0.035 inch. A

correction graph to cover the range of diameters ac-

tually encountered is shown in Fig. 1. The data given

in Table I incorporates this correction.

E~ect of Finite Resist ivity of Cavity Walls and Cavity

Irises on Measurement of Tan 8

In using perturbation theory in the derivation of (4),

the only source of losses that was considered was the

loss introduced into the cavitv by the sample. Losses

present in the cavity itself and the variation of these

losses with frequency were not considered. We will now

determine the effect of cavity losses on the measurement

of tan 3. The cavity will always be assumed to be at

resonance.

In the following discussion, we will assume that when

a sample is inserted into the cavity it has no dielectric

losses. In this case, the only losses in the cavity will be

due to the finite resistivity of the cavity walls and the

losses coupled into the cavity through the two cavity

irises. We can then write

SAM~$~OIAMETER (INCHES)

,035

.036

Ally

I
o 2 4 6 8 12 14 16 )8

( KL I {AO

Fig. l—Correction factor for calculation of (K – 1). Divide the value
Of (K’ —1) obtained from (3) by the correction factor to get the
corrected value.

where tan 6P is the contribution of the finite resistivity

of the cavity walls to tan 8., and tan 8, is the contribu-

tion due to the two irises. A criterion as to whether the

cavity losses cause an error in the measurement of tan 8

is given in (4). For a lossless sample, we should have

(tan 13C)Z– (tan 6.)1= O. Thus, if (tan 6p+tan 8,)2

– (tan ti,+tan 6,)1 = O, the cavity losses do not cause an

error in the measurement of tan 8. However, if the dif-

ference between the above two terms is not zero, then

the cavity losses will cause an error in the measurement

of tan ~.

A term that will be used in the following discussion is

T, the transmission loss of the cavity. The transmission

loss is defined as the ratio of the waveguide output when

the cavity is omitted, to the output when the cavity is

present. It is readily shown that when the two irises

have the same dimensions (as was the case in the cavity

used in these tests), we have

(lo)

Finite Resistivity of Cavity Walls

(tan ~.)1 can be determined by calculating the energy

stored in the magnetic field in the cavity, and the energy

lost per sec due to the finite resistivity of the cavity

walls. Applying the definition of the loss tangent of a

circuit eIement,b

energy lost per sec
loss tangent =

27rF. energy stored in circuit
> (11)

we obtain

F’+B
(tan f5JI = -4 ~5,0 “ (12)

tan 8C = tan 8P + tan &, (9)

s Ibid., see p. 267.
8 E. C. Jordon, “Electromagnetic Waves and Radiating Systems, ”

Prentice-Hall, Inc., Englewood Cliffs, N. J., p. 291; 1950.
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A and B are functions of the waveguide dimensions only.

When a lossless sample is placed in the cavity, the

resonant frequency is reduced, and the losses due to the

finite resistivity of the cavity walls are represented as

(tan 8JZ. Let us define A(tan 5.) as (tan ~J~ – (tan 6,),.

To a good approximation A(tan 8,) can be obtained by

taking the differential of (tan 8P)1, as given in (12), with

respect to frequency. We then hax-e,

AF 1 + 5B/F2
A(tan 8.) = – ~ (tan 8,) I

1 + B/Fz “
(13)

[Tsing (3), (4), (9), and (10) and making the approxi-

mation that R-’ = K’ – 1, it is readily shown that the

error in tan tf due to the finite resistivity of the cavity

walls is given by

(Error in tan 6).
(tandJ, T – 1 1 + 513/F’

—— . (14)
4 T 1 + B/F’

For the TEIOI cavity used in these tests, (tan cl,) I

= 3 x 10-~, T= 3, F= 9.4 Gc, and the magnitude of

B/F’ was less than 0.01. Thus the effect of the finite

resistivity of the cavity walls was to make the measured

values of tan 8 too low by approximately 0.5 X 10–4.

For a TElc,n cavity, and F=9.4 Gc, B/Fz =0.22 for

n =3, and 0.43 for n very large.

Cavity Irises

We will first determine the resistance R. coupled into

the cavity by one of the irises. The iris was a small hole

centered in a thin transverse metallic plate as shown in

Fig. 2(a). It is assumed that the input and output irises

have the same dimensions.

The equivalent circuit of a transmission line contain-

ing a cavity is shown in Fig. 2(b). R,, is the resistance

due to the finite resistivity of the cavity walls. L and C

are equivalent inductance and capacitance of the cavity.

X is the equivalent reactance due to an iris. qccording

to Marcuvitz7

x — C,[F’ – F.z:l ‘/’.
RO –

(15)

RO is the waveguide impedance, Fc is the cutoff fre-

quency of the waveguide, and Cl is a constant that is

independent of frequency.

The equivalent circuit of the cavity at resonance is

shown in Fig. 2(c). R, is the resistance coupled into the

cavity due to one iris. Using Thevenin’s theorem and

(15), it can readily be shown that

R. = CZRO[F2 – Fc2] = C3F(FZ – Fez)’lz, (16)

7 iblarcuwitz, op. cit., see p. 238.

1 F-d

I -4

La
(a)

I
(c)

Fig. 2—(a) Iris plate. (b) Equir@enJ circuit ,of waveguicfe coutainmg
cavity. (c) Equwalent cwcult of cav]ty at resonance.

where Cz and G are constants that are independent of

frequency.

The energy lost per sec due to Rs is proportional to the

square of the magnetic field at the iris. Using (1 1), it

can be shown that

(17)

(tan 8,)1 is the loss tangent of the cavity without a

sample in it, when only loss due to the two irises is con-

sidered, and C~ is a constant independent t of frequency.

When a lossless sample is placed in the cavity, the

resonant frequency is reduced, and the loss due to the

cavity irises is represented as (tan 6,)2. Let us define

A(tan 8,) as (tan &)z – (tan &.)1. To a gc,od approxima-

tion, A(tan &) can be obtained by taking the differential

of (tan 8,) L with respect to frequency. Mre then have

AF (F/’F6)2 + 2
A(tan 6,) = ~ (tan 6,)1 –-—-—- .

(F/Fe)’ – 1
(18)

Using (3), (4), (9), and (10), and making the approxi-

mation A“ = K“’ – 1, it is readily shown that the error in

tan 6 due to the irises is given by

(Error in tan 3), =
(tan 8.), (F/F.)~ + 2

———_ .
2T “@Fe)’ – 1

(19)

For (tan 6JI=3 X10-A, T=3, F=9.4 Gc, and F.=6.6

Gc, the effect of the cavity irises is to make the meas-

ured value of tan 8 too low by approximately 2 X 10–4.
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Real Part of Dielectric

ACCURACY

Constant

Measurements of the rod diameter were made with a

bench micrometer. All samples had some taper along

the length and some ellipticity about the cross section.

It is estimated that the effective diameter was measured

with an accuracy of ~ per cent. This would contribllte

an error of 1 per cent in the measurement of K’.

The resonant frequency was determined by taking

the average of the two frequencies at which the output

was a given fraction below the resonant output. Since

all frequency measurements were made using a fre-

quency counter, this method is very precise. A maxi-

mum error of 2 per cent was attributed to the electrical

measurement on the basis of spread in results using dif-

ferent cavities. The maximum over-all error in measur-

ing K’ was thus 3 per cent.

Tan 8

As noted above, the loss tangent of the cavity was

determined by use of (5). The measurement was made

twice using a different value of a each time. If the two

different determinations disagreed by more than 3 per

cent additional measurements were made. A frequency

counter was used in making the measurements. The

maximum over-all error in tan 6 was taken as 0.0005.

General Synthesis of Asymmetric Multi.Element Coupled.

Transmission-Line Directional Couplers*

RALPH

&munary—An exact synthesis procedure is derived for a class of

asymmetric multi-element coupled-transmission-line directional

couplers with any number of elements. It is based on the equivalence

between the theory of the directional coupler and that of a stepped

quarter-wavelength filter. This can be treated using Richards’

theorem for the synthesis of transmission-line distributed networks,

as described previously by Riblet. The method is extended to give a

general expression for the input reflection coefficient of the stepped

filter, which corresponds to the voltage coupling of the directional

coupler. Explicit formulas for the parameters of two, three, four and

five couplers are derived and the extension to larger number of

elements is straightforward. Two and three element couplers have

been designed on this theoretical basis, and show excellent agree-

ment with theory, for example a three element coupler of 20 db f 0.5

db over a 6:1 bandwidth, and a two element coupler of 3.2 db A 0.85

db over a 6.7:1 bandwidth. It is possible to design a 3-db to.43 db-

coupler for decade bandwidths using only four elements. The 3 db-

couplers may be used as 900 hybrids by careful choice of reference

planes in the output parts.

1. INTRODUCTION

c

OUPLED-TRANSMISSION-LINE directional

couplers have been described by a number of

authors (Oliver, 1 Jones and Bolljahn,2 and

* Received October 24, 1962; revised manuscript received Feb-
ruary 14, 1963. This paper will form part of a thesis for the Ph.D.
degree at Queen Mary College, University of London, London,
England.

t Systems Division, Mullard Research Laboratories, Redhill,
Surrey, England.

1 B. M. Oliver, “Directional electromagnetic couplers, ” PROC.
IRE, vol. 42, pp. 1688–1692; November, 1954.

2 E. M. T. .Jcmesand J. T. Bolljahn, ‘(coupled-strip transmission
line filters and directional couplers,” IRE TRANS. ON MICROWAVE
THEORY AND TECHNIQUES, vol. MTT-4, pp. 75-81; April, 1956.

Shimizu and Jones3). The simple quarter-wavelength

directional coupler has perfect isolation and perfect

input match, but the coupling varies according to

L = 1 + ~(Zoe – 1/206)’ sinz o (1)

where L is the power insertion loss from the input to

arm 4 (Fig. 1). Zo, and Zoo are the impedances of the

even and odd modes in the coupled line normalized to

the impedance of the input lines, and are related by

2.,200 = 1. (2)

Eq. (1) indicates that a useful bandwidth of rather

more than one octave is obtained from the simple

quarter-wavelength section. Shimizu and Jonesa have

described how much greater bandwidths may be ob-

tained by cascading three coupled-line sections to form

a three-quarter wavelength coupler. Considerable sim-

plification of their equation (10) for the coupling is

possible (see Appendix I), leading to the formula

‘=1++[{2(z0’-&)+(z0e-+J
(

2.:2 Zoe

) 1’.sin Ocos20— — — sin3 e
2., – 2.:’

(3)

where, as in (1), L is the insertion loss from the input

$ J. K. Shimizu and E. M. T. Jones, “Coupled-transmission-line
directional couplers, ” IRE TRANS. ON MICROWAVE THEORY AND
TECHNIQUES, vol. MTT-6, pp. 403-410; October, 1958.


