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Microwave Complex Conductivity of a Square
Post in Rectangular Waveguide

SHINZO YOSHIKADO AND lCHIRO TANIGUCHI

Abstract — A simple measurement technique for the complex conductiv-

ity of a square Iossy dielectric post loaded in a rectangular waveguide is

described. The measurement technique is based on a solution of the

reflection coefficient for the incident electric field of the TE,0 mode. The

reflection coefficient can be expressed by a simple formula for the electric

fields scattered from the post. Values of complex conductivities of standard

materials were calculated by applying an iteration method to this formula

with respect to measured values of reflection coefficients. These agreed

with the values measured by other techniques and reported by several

authors. The present method is also applicable to measurements related to

filling the cross section of the waveguide with a dielectric material.

I. INTRODUCTION

v ARIOUS theories and techniques for determining the

microwave complex conductivity of a post of dielec-

tric material, semiconductor, plasma, etc., in a rectangular

waveguide have been proposed [1]–[11]. The method using

posts instead of the usual method of filling the cross

section of the waveguide offers the advantage of being able

to measure any complex conductivity of a small amount of

material. Each investigator has employed a method ade-

quate for the size and the shape of a particular post. It is

difficult to obtain the complex conductivity of a dielectric

post with a cross section of arbitrary shape_ [9]-[11]. A

number of authors have dealt with a circular post by

approximate analytical methods or numerical methods

[1]-[11].

We are interested in ionic conduction in single crystals

of one-dimensional supersonic conductor priderites with

hollandite-type structure [12]. Single crystals of priderites

grow well in the direction of a c axis with a square cross

section and have various cross-sectional sizes. Further-

more, their complex conductivity along the c axis is large.

It is difficult to process such materials into a cylindrical

shape. However, neither an analytical nor a numerical

solution for a square post has ever been proposed. This is

due to the difficulty of obtaining rigorous solutions for the

reflection and transmission coefficient, because the

Helmholtz partial differential equation for the electromag-

netic fields must be solved under inhomogeneous bound-

ary conditions at the surface of a post, as in the case of a

circular post.

Helms et al.measured the microwave conductivity of

thin circular posts of silicon and germanium using the
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transmission line equivalent circuit [2]. Their equivalent

circuit method is applicable to a circular post having a

diameter less than -0.24 cm and a conductivity less than

-0.1 S/cm for a dielectric constant of about 16 at X-band.

They also showed that the reflection or transmission coef-

ficient for thin circular posts was equal to those for square

posts with equivalent area. However, this might not be true

for a thicker or an oblong post.

The first purpose of this study is to derive an approxi-

mate analytical solution for the Helmholtz equation for a

square post by introducing the discrete boundary condi-

tions. The second purpose is to establish a simple method

for measuring the complex conductivity of a square lossy

dielectric post. The validity of the solution for the complex

conductivities was verified by laboratory measurements at

X-band for posts of PTFE (polytetrafluoroethylene), syn-

thetic quartz glass, sintered alumina ceramics (Al ~03),

rutile (TiOz ), and germanium (Ge). The complex conduc-

tivities of these materials are known from the literature or

from other measurement techniques. Numerical estimation

of the measurement error arising from positioning error is

carried out. A comparison between the method using posts

and the usual method of completely filling the cross sec-

tion of the waveguide is made. The c axis complex conduc-

tivity of a single crystal of priderite, KI ~MgO *Ti ,Z016, was

measured by the present method and the results are shown. .

II. BASIC FORMULATION

A. Scattered Field in a Rectangular Waveguide Loaded with

a Square Post

A waveguide loaded with a square post is shown in Fig.

1. The axis of the post is parallel to the y axis of the

waveguide. As the TEIO mode is assumed incident on the

post from the region z <0, as shown in Fig. 2, the electric

field in the post has only a y component, -E,., (x, z ). With

the assumption of harmonic variation of the field and with

a time factor exp ( itit ), the wave equation satisfied by the

internal electric field E,nt is

(1)

where p ~ is the permeability of free space, and 6 is the

complex conductivity parallel to a y axis [13], [14]. The

quantity 6 is related to both the conductivity u and

the dielectric constant c as 6 = u + zu~O~, where ~0 is the
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I Iz the waveguide. The solutions of (6) are given by

‘2W (2n -I)?rx
E,ct = – ~ KFn _ ~er’”-” sin z<–’t2

a ~=1 a’

(7)

‘2CC

E,Ct = ; ~1 (12~__1coshc2z’+ J2n_l sinhczz
n—

(2n - 1)%’X

)U+ L:n_ler’*-” + L~n_le-r’”-’z sin

Fig. 1. A waveguide loaded with a square post paraflel to the y axis. 0<x<a/2- tl, a/2+t1<x< a,- tz<z<tz (8)

Lad L2t*4 K2; _1= ~ [(T,n_ll,n_l+c,J,n_ 1)coshc,t,sinhr2n_ 1t,
Fig. 2. The cross section and the longitudinal section of a waveguide 2n–1

loaded with a post. The TEIO mode is assumed incident on the post
from the region z <0. EinC is the incident electric field of the TEIO - (czl,n.1 + r2n_1J2n_1) sinhc,t,cosh r,n-ll,]
mode. E~C1is the scatteredelectric field from the post. (lo)

e –r2n_ 112

perrnittivity of free space. It is difficult to obtain the L;.. ~= – ~— [(rz.-~~z.-l~ c,J,.-,)coshc2t,

complete form of the exact Green’s function for the inho- 2n--l

mogeneous boundary conditions for (l). Giving the follow- + (C212n_1 T rz._l&l) sinhczt2] (11)

ing discrete boundary conditions to 12int at the surface of where

the post: 1 ??

Ein, (a/2, –t2)=E3

Ein, (a/2, tz) = E2

(3) 1 E2 – E3
J2. _l = iap&#..,,-~ z

(4) C2 — 17~n_1 2sinhc2t2

(12)

(13)

the approximate solution of (1) is

[

1
F2n_, = (–1)”-1

[

El E2 – E3

1
c1+i(2n–l)n/a ‘

Ein, = cosh C2Z + sinh C2Z
cosh cltl 2sinhc2t2 .sinh[cla +i(2n–l)ml

1

()
.coshcl x -: (5)

+— 1sinh[cla–i(2n–1)~] .
c1 – i(2n –l)7r/a

where c? + c; = iop ,6. In this case, the complete form of
(14)

the exact Green’s function for the inhomogeneous bound- The scattered electric field E,ct depends on both El and

ary conditions for (1) is not obtained. E2 – E3. The boundary conditions at the surface of the

The scattered electric field from the post has only a y post are

component, E,ct (x, z). The wave equation satisfied by E,ct

is
1

El, X=; +tl, z=o (15)

(132 (?2
——
6’X2 + (3Z2 )+ k; E,ct = icopo6HEint

(H(X-:+4

a
EinC + E,;, = E2 , X= —,z=—tz

2
(16)

0

( )) IE3 , ~=z, z=tz

–H x–;-t, (H(z+t2)– H(z–t2)) (6) 2
(17)

where EinC(x, z) = E, sin ( mx/a ) e– “z is the incident elec-

where k,= 2 V/ A (X being the wavelength in free space), tric field. From (7)–(17), El and E2 – E3 are given by

6. = 6 – i~eo, and H( ) is the Heaviside function [13],

[14]. The modes with odd number, TE2..1 , modes, are
El= EOA (18)

excited by the post, because it is symmetrically loaded in E2– E3=– EOB (19)
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where

cosh cltl

A = cosh r1t2
coshcztz

. ~ (-l)nF2n_,e-r2”-1t2

~=1 r2n-,(c2-r;n_J
.(l’,n_lcoshcltl sinh lT2n_1t2

1
–1

– C2 sinhcztz cosh r2n_lt2)

and

[

1
B = 2 sinh rlt21+ iwpotiv

2sinhc2t2

“( Czmsh c2t2sinh 17~._ Iz

– I’2~_1 sinhcltl cosh 172n_1t2)]

2
—
u

1

(20)

(21)

The l?(z) for z << – t2and 7’(z) for z >> t2,where ~,C, has

only the TEIO

where

mode, are given by

~(z)=~-e 2rlz = ~~p– !e2rlz (22)

T(z) =l+P+=l+6nP+’ (23)

2 itipOF1

[i

A B
p* f=_ rl + C2

a rl(c; –r:) cosh c2t2 2 sinh c2t2
)

. Cosh C2t2sinh 171t2

( A B
— C2 + rl

) 1
sinh c2t2cosh rltz .

coshc2t2 2 sinh c2t2

(24)

If l?(z) or T(z) is measured, the complex conductivity ri

of a post is obtained by solving (22) or (23).

B. Measurement of Rejection Coefficient

A waveguide-matched termination method has been

generally used to measure l?(z) or T(z) [2]-[4], [7], [8]. To

measure small R(z) or large T(z), a good waveguide-

matched termination with a low voltage standing wave
ratio ( -1) must be connected to the waveguide cell. How-

ever, it is not convenient to calibrate the effect of a

reflection of a small microwave signal from the termina-

tion on R(z). Therefore, it is convenient to terminate the

waveguide cell with a shorting plate at an appropriate

position, z = z,. In this case, the reflection coefficient is

given by taking the multiple reflections between the post

and the shorting plate into consideration. Here, the wave-

guide cell was terminated at z, = t2+ Ag/4 = Zop,n by a

shorting plate, as shown in Fig. 3(a) (open-circuit method).

(a)

(b)

Fig. 3. Circuit diagram of the measurement of the reflection coefficients
R (with a post) and RFmp (without a post) by the open-circuit
m%h”od. The waveguide cell N terminated at z = t2+ ig/4 = zOP,n by a

shorting plate, as shown in (a). R .Pcn( Zp) and R.mp ( z~ ) are measured
at the points z = ZP in (a) and z = z; in (b).

The distance A ~/4 is long enough for the higher order

mode to be attenuated. Measurement error due to the

positioning error of a Dost for the oDen-circuit method is
L L

small compared with both the waveguide-matched termi-

nation method and the short-circuit method described in

subsection C.

The reflection coefficient ~OP,. for z,= zOPe. at z = ZP,

where the voltage standing wave (VSW) has a minimum

value and the voltage standing wave ratio (VSWR), S, is

given by

[

iY(l+P+)2

1

ROpen(zp) = P-+ ~_ ~.u ezr’zp = ~. (25)

Here
l–s?

Ll= qe- 2r1z0””=Rmlp(2;)e-2r1’;=~e2r’z~ (26)
where q is the reflection coefficient of the shorting plate

(not equal to – 1 due to its finite conductivity) and 1’1= aC

+ [( m/a)2 – k~]l/2, where aC is the attenuation constant

of the empty waveguide. The change of the waveguide wall

loss due to the insertion of a post is not negligible, because

of the change of the distribution of current flowing in the

waveguide wall due to the excitation of higher order modes

in the neighborhood of the post. However, this effect is

neglected here for simplicity. R ~~p is the reflection coeffi-

cient without a post as shown in Fig. “3(b) at z = z; where

VSW has a minimum value and the VSWR is S’. We see

that z: = m~~/2 – A~/4 – t2, where m is the number of

the VSW between z = Z; and z = ZOP... From (25) and

(26),

~open(zp) e_ 1

[

2r18zP= _ p– + U(I+ P’ )2

%np(z;) u 1–P-U 1
(27)

where 8ZP = Z; – ZP and is known directly from measure-

ments. The complex conductivity can be obtained by using

the iteration method for (27), as described in subsection C.
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C. Calculation of Complex Conductivity

A computer program was developed to determine the

complex conductivity of the post. The input parameters

are measured values of 8ZP, S (or R ~p,n( Zp)), and S’ (or

~,~P(z:)). The unknown parameters to be found are ~
and c1 or C2. An optimum value of 6 was obtained by the

following two kinds of iteration methods:

1) The trial values are 6 and c1 or C2. P-’ and P +‘ in

(24) are calculated with these trial values. An optimum

value of u for a trial value of c1 or Cz is calculated by the

iteration method using the self-consistent equation for d.

( = u – itico) derived from (27) as

@J(P+ ‘2 – P-’Z)+ un(vu2P-’+2uP+’i- P-’)

+U(l– W) =0 (28)

where V= RoPen(zP)/RemP( z;)e-2r’8z~ and W = [P- +

U(l + P+ )2/(1– P- U)]/U. Equation (28) is not a unique

self-consistent equation to determine 6. Optimum values

of 6 and c1 or C2 are found by searching matching points

in the complex plane, where ~i~t must be equivalent to

E,nC+E~C, at x=a/2~t1, z= Oorx=a/2, and z=+t~

(boundary conditions (15)-(17)). This method is useful for

thin posts, because 6. does not converge to an optimum

value for a thick post.

2) ~Zp and ~.p..(zp)/%mp(z;) are obtained by mea-
surements. While from (27), 8ZP and l?OP,~(zP)/l? ~~P(z:)

are given as

(sZp= –
Arg(W)

(29)

2[(7r/a)2- k~]l’2

ROp,n(zP)

‘emp(z~)

a ]wle2’@’p. (30)

Trial values are 6 and c1 or C2. Their optimum values are

found by searching matching points in the complex plane

of u so as to satisfy the boundary conditions given by

(15)-(17), (29), and (30). This method is useful for thick

posts, but is computationally slower than method 1) for

lossy thin posts.

D. Measurement Error

The accuracy of the measured result of the complex

conductivity y is dependent on the accuracy of the basic

formulation for R(z) or T(z), the positioning of the post

in the waveguide, the VSW~ measurement, the waveguide

wall loss, and the shorting plate loss. In measuring a low

conductivity, the waveguide wall loss and the shorting

plate loss cause significant errors. The correction method

of these errors is described above in subsection B. VSWR

measurement is described in Section 111.

Plots in Fig. 4(a) and (b) show calculated errors, Au/u

and Ac /c, due to the deviation A of the position of a post

from z = O in the z direction, with tl/a = t2/a = 0.05,

a = 0.001 S/cm, and A = – 0.01 cm for the open-circuit

method (OC), the waveguide-matched termination method

(MT), and the short-circuit method (SC). Ao and Ac

150 [ I

100 -

~

Q 5(3 -

b
a

I

o ---------------------

_500L~
10

Dielectric constant E
(a)

j.~ . ...... ...--]

9.375 GHz

(k/a=l.4)

a= 0.001s/c
A=-O.01 cm

1
t, /a= t2/a=O.05

1

q

-c- O.c.
u M.T.

-& S.c.

Dlelectr]c constant &
(b)

Fig. 4. Calculate values of (a) Au/u and (b) Ac/c for tl/a= t2/a=
0.05, 0 = 0.001 S/cm, and A = – 0.01 cm for the open-circuit method
(OC), the matched termination method (MT, and the short-tircuit
method (SC).

indicate deviations from the true values of o and ~ for

given values of A, respectively. Fig. 5(a) and (b) shows

similar results fcm o = 0.1 S/cm and A = – 0.01 cm. The

measurement error of the complex conductivity by OC is

smaller than those for MT and SC. Fig. 6 shows the

dependence of At/c on post size tl/a( = t2/a) for OC

and MT for c = 2 (SC is excluded because of the much

larger values of the errors). A similar result was obtained

for Ao/u. Measurement errors caused by the positioning
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D

eo. c.

=zFM.T. .
+ S.c.

-150 -

1

-190 il!(lli
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Dielec~rlc constant-C
(b)

Fig. 5. Calculated vahres of (a) Au\o and (b) At/c for tl/a= r2/u=
0.05, u = 0.1 S/cm, and A = – 0.01 cm for various methods.

error increase with increasing post size for a given value of

A. Therefore, the measurement error for the method using

thin posts is smaller than the fully filled waveguide method.

Measurement errors due to the deviation from x = a/2 in

the x direction are small.

The solution of l?(z) in (22) or T(z) in (23) is not valid

for large posts having a high conductivity or dielectric

constant. The validity of the basic formulation for R(z) or

T(z) cannot be verified directly by the analytical method,

lo3~ t , 1 I 1

:$/ ;

1 1

9.375 GHz

(k/a=l.4)
~.z

102 0=- O.Olcm

J

10+z

1
,0-2 1 ! 1 1

0.0020.0050.01 0.02 0.05 0.1 0.2 0.5

t,/a (=t2/a)

Fig. 6. Dependence of AC/C on the size tl/a( = t2 /a ) of a post for
various conductivities.

because no rigorous solution for that is derived. However,

the validity is verified roughly by checking not only the

discrete boundary conditions given by (15)–(17), but also

the continuous boundary conditions at the surface of a

post, especially at the four corners of a post. The complex

conductivity obtained on the basis of the above procedure

was reasonable. A valid solution is obtained for tl = a/2,

i.e., the fully filled waveguide method, because the bound-

ary conditions at the four corners are satisfied.

III. EXPERIMENTAL

PTFE, synthetic quartz glass, sintered Al ~03 (99.5 per-

cent), single crystals of rutile (parallel and perpendicular to

the c axis), and n-type germanium were used as standard

materials. PTFE, quartz glass, and sintered Al 203 were

selected because of the very low dielectric loss and low

dielectric constants. Rutile was selected because of it high

and widely varying dielectric constant with temperature

and n-type germanium was selected because of its widely

varying conductivity with temperature. Measurements were

made at 9.375 GHz (A/a = 1.4) using the open-circuit

method. Standard waveguide WRJ1O(WR9O) with an inner

width of a = 2.29 cm was used.

The standard values of the dielectric constants of PTFIE,

quartz glass, and Al ~03 at 9.375 GHz were obtained by

the usual transmission line method with the cross section

of the waveguide fully filled with a material [15]. They

were 2.05 for PTFE, 3.80 for quartz glass, and 9.80 for

Al ~03 (99.5 percent). The loss tangents tan 8 were 2 x 10-4

to 1 x 10-2. The standard value of the static dielectric

constant for rutile was obtained from the literature [16],
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No.1 tl/a=0.025 N0,4 tl/a=O,l No.7 tl/a=0,2
t2/a=0,2 t2/a=0.4

=r---l Ti%

-z

A L
‘Y’z

A L
‘Y z

A 1.
‘Y z

No.2 tl/a=0.0707 No.5 tl/a=0.2 No.8 t, /a= O.283
t2/a=0.0707 tzla= 0.2 t2/a=0.283

No.3 t,/a=O.2 No.6 tl/a=0.4 No.9 tl /a =0.4
t2/a=0.025 t2/a=0,1 t2/a= 0.2

Fig. 7. Top views of waveguides loaded with posts with the various

cross sections given in Table I.

[17]. The static dielectric constant is due to a soft, long-

wavelength transverse-optic (TO) mode and is constant up

to about 100 cm-1 [16]. The standard value of the conduc-

tivity for n-type germanium was obtained by the dc and

ac (5 kHz) van der Pauw method [18]. Complex conduc-

tivities of a single crystal of K1,6Mg08Ti ~,z016 grown by

a flux method were measured by impedance analyzers

(YHP4192A and YHP4191A) from 100 Hz to 1 GHz and

by the present method at 32.55 GHz to verify the accuracy

of the conductivity measured at 9.375 GHz [12].

Each dielectric material was fitted to a rectangular

waveguide by’ silver paste as shown in Fig. 1. For high-loss

materials, good contact is necessary. Contact was checked

by using two kinds of silver pastes. One was solidified at

room temperature and the other was sintered at about

300°C. The same result was obtained. The probe displace-

ment of the standing wave detector was measured by a dial

gauge with an accuracy of 0.001 cm. The VSWR is calcu-

lated in terms of the probe displacement between points of

twice the minimum height of the power standing wave

measured by a small-signal rectifying diode with good

square law verified by the precision resistance attenuator.

Expansion or contraction of the waveguide due to a change

of temperature was calibrated in advance of measurement.

IV. RESULTS AND DISCUSSIONS

In this section,. computed values of the complex conduc-

tivities or complex dielectric constants of the standard

dielectric materials in terms of the iteration method de-

scribed in Section III are presented. Computation of the

reflection coefficient R(0) or the complex conductivity 6

required different times depending on the size and 6 of the

post. Computation of R(0) for a post with tl/a = tz/a =

0.05 required about 2 s for u = O S/cm and 6 =16.3 (static

dielectric constant of germanium) and 15 s for u = 1 S/cm

and ( = 16.3 on a digital computer (HITAC M-280 H), for

example. Computation of 6 from measured values of R .P,n

and R ~~P for the same size of post required about 60 s for

u = 1 S/cm and c =16.3 on the same computer in terms of

the method 1) described above in subsection II~C, for

example.

A, PTFE, Quartz Glass, and Sintered A1103

Measured values of the reflection coefficient R(0) and

dielectric constants of PTFE, quartz glass, and sintered

Al ~03 for the various cross-sectional sizes shown in Fig. 7

are shown in Table I and in Fig. 8 for a normalized

cross-sectional area of t1t2/a 2 = 0.04 at 9.375 GHz. The

dielectric constants agreed with the standard values. The

results show that. R(0) for thin posts with low dielectric

constants and the same area are almost the same for small

values of the ratio of tl/t2reported by Helms et al. [2].

This is not true for thicker or oblong posts with high

dielectric constant. The solutions of R(z) for dielectric

materials with low dielectric constant and very low dielec-

tric loss are reasonable over a wide range of values for

t1t2/a2 and the !atio tl/t2.

B. Single Crystals of Rutile

Fig. 9 shows the temperature dependence of the dielec-

tric constants of single crystals of rutile in directions

parallel and perpendicular to the c axis at 9.375 GHz. The

cross-sectional sizes are tl/a = t2/a = 0.025 and tl/a =

0.024, t2/a = 0.0245, respectively. The boundary condi-

tions at the four corners of the post are satisfied up to

c -200. The solid lines show values of the static dielectric

constant of rutile obtained by Samara et al. [16] and

Barrett [17] and agree with the measured values.

Plots in Fig. 10 show the dependence of measured

values of R(0) on the dielectric constants of rutile with a

cross-sectional size of tl/a = t2/a = 0.05 in the direction

perpendicular to the c axis. The solid lines show calculated

values of the complex reflection coefficient for various

dielectric constants. The solid lines do not agree with the

measured values for rutile. Calculation shows that the

resonance occurred at a dielectric constant of about 122

for this size. However, measurement showed that it oc-

curred at a dielectric constant of about 88. This discrep-

ancy is due to the unsatisfied boundary conditions at the

four corners of the post; i.e., they are satisfied only up to
c -40 though the boundary conditions given by (15)-(17)

are satisfied up to ( -130.

C. n-Type Germanium

Fig. n(a) and (b) shows the temperature dependence of

the conductivity and the dielectric constant of n-type ger-

manium for various cross-sectional sizes. The dc conduc-

tivity is equivalent to the conductivity at 9.375 GHz be-

tween room temperature and 453 K [19]. The measured

values of conductivity agree with those obtained by the

van der Pauw method.



990 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 6, JUNE 1989
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-210

-240

TABLE 1

MEASURED REFLECTION COEFFICIENTS R(O) AND DIELECTRIC CONSTANTS FOR VAP.SOUS CROSS-SECTIONAL

SIZES OF PTFE, QUARTZ GLASS (QUARTZ), AND SINTERED A1203 CERAMICS AT 9.375 GHz

No. Sample size Reflect~on coefflc~ent R(0) Dlelectrlc

]R(0)I and Arg(R(0)) (deg) constant

tl/a t2/a Sn PTFE Quartz ‘1203
PTFE Quartz A1203

1 0.025 0.2 0.005 0.124 262.9 0.332 250.6 0.484 216.5 2.01 3.72 9.81

2 0.0707 0.0707 0.005 0.121 262.7 0.353 249.3 0.795 214.6 2.01 3.88

3

9.76

0 115 263.3 0.335 250.5 0.698 225.0 3.74_____ :::____ :::~:__:::::____ :____________________ .___..--._.._........::::---------::::-

4 0.1 0.4 0.04 0.0776 36.05 0.461 315.1 / / 2.06 3.87 /

5 0.2 0.2 0.04 0.405 228.9 0.258 179.3 0.793 241.3

6

2.07 3.97 9.51

0.4 0.1 0.04 0.461 239.8 0.411 214.3 0.975 175.0 2.04 3.81 9.48

7 0.2 0.4 0.08 0.320 1.734 0.0369 255.7 / / 2.06 3.89 /

8 0.283 0.283 0.O8 0.0635 200.6 0.664 293.0 0.845 339.9 2.06 3.86 9.62

9 0.4 0.2 0.08 0.417 219.7 0.152 214.3 0.829 234.2 2.05 3.82 9.35

S.= tlt2/a2.
/: Solution not obtained.
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Fig 8. Measured vafues of the magnitude IR(O) I and the phase angle
Arg ( R(O)) of the reflection coefficients R(0) of posts made of PTFE.

quartz, and smtered A1203. The cross-sectional srzes are shown in
Table I and Fig. 7. The solid hnes show the calculated values of R(O).

The solid line in Fig. n(b) shows the temperature de-

pendence of the dielectric constant below room tempera-

ture calculated by means of the classical model (Drude

model) of conduction of electrons proposed by Benedict

et al. with the conductivity y effective mass of 0.12 m o,

where m. is the mass of a free electron, and the static

dielectric constant of 16.3 in germanium [19], [20]. They

agree with the measured values. Fig. 12 shows the tempera-

ture dependence of the dielectric constant of n-type germa-

nium which completely fills the cross section of the wave-

guide calculated by the iteration method using the present

I 1 I

250 - Measured at 9,375 GHz, h/a=l.4

0
Samara et al and Barret

200 - ~,, c_ax15 f& b=o,025z
a aa
~
~ 150 -
u

t~

E lC-dXIS &= O.024,$=0.0245

o~
100 200 300 400 .

Temperature(K)

IO

Fig. 9. The temperature dependence of the dielectric constants of

rutile at 9.375 GHz. The cross-sectionaf sizes are tl /a = t2 /a = 0.025
in the direction parallel to the c axis and tl/a= 0.024d r2/a=
0.0245 in the direction perpendicular to the c axis. The solid lines show
values of the static dielectric constants of rutile obtained by Samara

et al. [16] and Barrett [17].
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Fig. 10. The dielectric constant dependence of measured values of the

reflection coefficient R(0) of nrtile in a direction perpendicular to the c

axis for fl /a = t2/a = 0.05 at 9.375 GHz. The solid and broken lines
show calculated vahres of the complex reflection coefficient,
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Fig. 11. Temperature dependence of (a) the conductivity and (b) the
dielectric constant of n-tvpe germanium with various cross-sectional
sizes at 9.375 GHz. The s;~idl~ne in(a) shows the values of conductiv-
ity measured by the dc and ac van der Pauw method and that in (b)

shows the calculated values.
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Fig. 12. Thetemperature dependence of thedielectric constmtof n-type
germanium, which completely fills the cross section of the waveguide,
calculated by the present method and by the usual transmission line
method [15].
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FiE. 13. Freauencv and tem~erature dependence of the com~lex con-

&rctivity O( pot~ssium-ma~nesium-pr~erite, K16Mg08Ti72016. The

cross-sectional size is tl/a=t2/a =0.0039 .Thesolid hnesshowvalues
calculated by the one-dimensional ionic conduction model [12].

method and the usual transmission line method [15]. Nei-

ther method gives a reasonable convergent solution for

high conductivity and dielectric constant above room tem-

perature for the thicker sample compared with the method

using thin posts. This is mainly due to positioning error, as

discussed in subsection II-D.

These results show that the method using posts gives a

reasonable convergent value of the complex conductivity

for a higher conductivity or dielectric constant for a thin-

ner post of the Iossy dielectric materials.

D. Priderites

Fig. 13(a) and (b) shows the frequency and temperature

dependence of the complex conductivity of potassium-

magnesium-priderite, K1 ~Mg0,8Ti ~,2016. The cross-section-

al size was tl/a = t2/a = 0.0039. Measured values at 9.375

GHz were consistent with values calculated by the one-

dimensional ionic conduction model (shown in solid lines)
[12].

V. CONCLUSIONS

A solution was derived for a scattered electric field from

a square (oblorlg) lossy dielectric post in a rectangular

waveguide. Then a simple formula for the reflection coeffi-
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cient for a waveguide loaded with a square post was

derived, and values of the complex conductivity of the post

could be calculated by an iteration method. The accuracy

of the derived solutions was verified by comparing mea-

surement values with the values of the complex conductiv-

ity for standard materials whose values have been obtained

by other measurement techniques and from the literature.

Measurements were made by the open-circuit method,

where the measurement error due to positioning of the

post is comparatively small. Results show that the solu-

tions are reasonable if the boundary conditions at the

surface of the post in addition to the discrete boundary

conditions are satisfied. They also are applicable to the

method that involves completely filling the cross section of

the waveguide. A method measuring the complex conduc-

tivity of the square dielectric post was established.
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