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Microwave Complex Conductivity of a Square
Post in Rectangular Waveguide

SHINZO YOSHIKADO anp ICHIRO TANIGUCHI

Abstract — A simple measurement technique for the complex conductiv-
ity of a square lossy 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,, 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

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 superionic conductor priderites with
hollandite-type structure [12]. Single crystals of priderites
grow well in the direction of a ¢ axis with a square cross
section and have various cross-sectional sizes. Further-
more, their complex conductivity along the ¢ axis is large.
It is difficult to process such materials into a cylindrical
shape. However, netther 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
Helmbholtz 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.

Holms er 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,O;),
rutile (Ti0,), 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 ¢ axis complex conduc-
tivity of a single crystal of priderite, K, ;Mg sI1,,0,4. was
measured by the present method and the results are shown.

II. BasiC FORMULATION

A. Scartered 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 TE,;;, 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(iwt), the wave equation satisfied by the
internal electric field £, is

int

9 a*
—— —lwps | E,

—+ —
dx~ 0z 0

nt (1)
where p, is the permeability of free space, and ¢ is the
complex conductivity parallel to a y axis [13], [14]. The
quantity ¢ is related to both the conductivity ¢ and
the dielectric constant e as 6 = o + 1we e, where €, is the
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side wall
Fig. 1. A waveguide loaded with a square post parallel to the y axis.
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Fig. 2. The cross section and the longitudinal section of a waveguide
loaded with a post. The TE;y mode is assumed incident on the post
from the region 2 <0. E is the incident electric field of the TE,,
mode. E, is the scattered electric field from the post.

permittivity of free space. It is difficult to obtain the

complete form of the exact Green’s function for the inho-
mogeneous boundary conditions for (1). Giving the follow-
ing discrete boundary conditions to E, , at the surface of
the post:

int

E,(a/2+14,0)=E,
Ey(a/2,—t,) = E,
En(a/2,t,) = E,
the approximate solution of (1) is
E,-FE

2 2 sinhc,z
2sinhe,t, 2

()
(3)
(4)

1
E. ————coshe,z +
ot [ coshe;t; 2

a

‘coshcl(x - 5) (5)

where ¢? + ¢ =iwp. In this case, the complete form of
the exact Green’s function for the inhomogeneous bound-
ary conditions for (1) is not obtained.

The scattered electric field from the post has only a y
component, E ., (x,z). The wave equation satisfied by E,
is '

9* 92 a
(——+ lwyoo Elm(H(x—E—Ftl)

+k%|E
ax?r  9z* )

—H(vx—%—a))(ﬂ(mz)—mz—rz» ©)

where k,=27/\ (A being the wavelength in free space),
6,= 06 —iwe,, and H( ) is the Heaviside function [13],
[14]. The modes with odd number, TE,, ; ; modes, are
excited by the post, because it is symmetrically loaded in
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the waveguide. The solutions of (6) are given by

2 2 2n—-1)mx
Esct= - Z K{nklerln—lz Sin.(___z__’ 7€ — tz
n=1 a
(7)
2 0 L
- Z (Izn_,lcoshczz + J,,_,sinhc,z
a =1 .
(2n—1)7x
+ LZ_n——lerznﬁllz + L;n—legrzn_lz) sin —*—a~)— R
O<x<a/2—t,a/2+H<x<a, —t,<z<t, (8)
2 o 2n-1)ax
Ea=2 ¥ K e Tersin DT ()
Ll n=1 a

where T2 = n?r2/a* — k2. The boundary conditions

whereby ESct and JE, /dz must be continuous at z = + ¢,

give

K= T [T rls0rFe2ds, 1) cOShCyt, siDD T, i1,
. 2n-1 '

—(e2ly, 1 F Ty 1y, ) sinheytycosh Ty, it

(10)

e Tan-in2
Lf =- _[(an 112n 1+C2J2n 1)COSh0212
+ (c212n—1 ¥ Lyp1han-1) sinhc2t2] (11)

where

I F. . e (12)
an—1= {00, F),_q 2 F22n _ coshey,

J F N (13)
2n— 1—1w,u,00 2n-—=1 2 P22n L 251nh02t2

1

1 n~—1
Bpea=(=1) o, +i(2n-1)7/a

-sinh [c;a+i(2n—1)7]
1,
6—i(2n-1)n/a

sinh [c;a —i(2n=1) 7] |.

(14)
The scattered electric field E,, depends on both E; and

E, — E;. The boundary condmons at the surface of the
post are

4 .
E,, x=-2—it1,z=0 (15)
» . : a ,
Einc+Esct= EZ? XZE’ z=—1 (16)
a
E;, x=3,2=1 (17)
where E;, (x,z) = E,sin(wx/a)e 17 is the incident elec-

tric field. From (7)—(17), E, and E, — E, are given by
E,=E;A (18)
E,-E,=—E,B (19)
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where
cosheyfy 1 2

A = cosh Fltzm [l — w0, ———cosh ot ;

. io: (=1)"F, e v

n=1 I‘2n—1<C2 - I122n~1)
-(T,,_jcosheyty sinh T, 12,
-1

— ¢, sinhcyt,cosh Ty, 112)} (20)

and
1 2

B=2sinh T’ t2l1+lw,uo ESTIEI—C—Z-_—
2°2

) (_ 1) annile*Fvaltz

2:

n= rzn—l(cg_rzzn—l)

( c,cosheyt,sinh I, 4,

(21)

-1
—TI,,_;sinhe;t, cosh I‘Zn_ltz)} .

The R(z) for z < —t, and T(z) for z > t,, where £, has
only the TE |, mode, are given by

R(z) =P eMii=g,P e’
T(z) =1+ P =1+¢,P*

(22)
(23)
where
2 depgh A B
T Iy(c2-T2) {( b coshe,t, £ 2sinhc,t, )
- coshe,t, sinh Iz,
( A B

12sinhe,t,

P’

¢ + sinhe,t,cosh Iz, |.
*coshe,t, ) 22 v

(24)

If R(z) or T(z) is measured, the complex conductivity ¢
of a post is obtained by solving (22) or (23).

B. Measurement of Reflection Coefficient

A waveguide-matched termination method has been
generally used to measure R(z) or 7(z) {2]-[4], [7], [8]. To
measure small R(z) or large 7(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, =1, +A,/4=12z,., by a
shorting plate, as shown in Fig. 3(a) (open-circuit method).
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F1g 3. Circuit diagram of the measurement of the reflection coefficients
Ropen (With a post) and R, (without a post) by the open-circuit
method. The waveguide cell is terminated at z =1, + A, /4 =z, by a
shorting plate, as shown in (a). R open(z ) and Remp(z ) are measured
at the points z =z, in (a) and z =2z, 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 post for the open-circuit method is
small compared with both the waveguide-matched termi-
nation method and the short-circuit method described in
subsection C.

The reflection coefficient R, for z, =z, at z=z,
where the voltage standing wave (VSW) has a minimum
value and the voltage standing wave ratio (VSWR), S, is
given by

U+ p*)?
R =P —— 2%—_—_ 25
wn(25) [ s 23)
Here
= ge—2DiZopen — Yo~z = — iz
U=ge Rmp(2;)e™? 14_5,62 (26)

where ¢ is the reflection coefficient of the shorting plate
(not equal to —1 due to its finite conductivity) and I} = a,
+[(m/a)* - k3]*/?, where a, 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. Remp 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)=mA_ /2— A, /4—1t,, where m is the number of
the VSW between z=1z) and z= From (25) and

? open

(26),
Ropen(zp) -2 8z — U(1+P+ )2
— e T VH = t (27)
Remp(z;,) U 1-P7U

where 8§z,=z,—z, 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 8z,, § (or R,.,(z,)), and S’ (or
R yp(2,)). The unknown parameters to be found are d
and ¢, or ¢,. An optimum value of ¢ was obtained by the
following two kinds of iteration methods:

1) The trial values are ¢ and ¢; or ¢,. P~" and P*’ in
(24) are calculated with these trial values. An optimum
value of ¢ for a trial value of ¢, or c, is calculated by the
iteration method using the self-consistent equation for g,
(=6 —iwe,) derived from (27) as

6 U(P* "= P~?)+6,(VU*P~'+2UP* "'+ P™")
+U(L-W)=0 (28)

where V=R (2,)/Remp(z;)e > and W=[P +
U1+ P*)*/(1— P~ U)]/U. Equation (28) is not a unique
self-consistent equation to determine ¢. Optimum values
of ¢ and ¢, or ¢, are found by searching matching points
in the complex plane, where E., must be equivalent to
E .t+E, atx=a/2%t,z=00rx=a/2,and z=+1,
(boundary conditions (15)—(17)). This method is useful for
thin posts, because ¢, does not converge to an optimum
value for a thick post.

2) 8z, and R ,..(2,)/Renp(z,) are obtained by mea-
surements. While from (27), 8z, and R ,e,(2,)/Remp(2,)
are given as

Arg(W)
8z,=— (29)
" (nsa)- 2]
Ropen(zp) _ bz
m = |W|e2*d%, (30)

Trial values are ¢ and ¢; or ¢,. Their optimum values are
found by searching matching points in the complex plane
of ¢ 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 is dependent on the accuracy of the basic
formulation for R(z) or T(z), the positioning of the post
in the waveguide, the VSWR 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 I1I.

Plots in Fig. 4(a) and (b) show calculated errors, As/o
and Ae /e, due to the deviation A of the position of a post
from z=0 in the z direction, with t,/a=1t,/a=0.05,
0 =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). As and Ae
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Fig. 4. Calculated values of (a) As/o and (b) Ac /e for t, fa=1,/a=
0.05, 0 =0.001 S/cm, and A= —0.01 cm for the open-circuit method
(OC), the matched termmation method (MT), and the short-circuit
method (SC).

indicate deviations from the true values of o and e for
given values of A, respectively. Fig. 5(a) and (b) shows
similar results for 6 =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 Ae /e on post size 1, /a(=t,/a) for OC
and MT for e=2 (SC is excluded because of the much
larger values of the errors). A similar result was obtained
for Ac/o. Measurement errors caused by the positioning
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Fig. 5. Calculated values of (a) Ad/o and (b) Ae/e for 1, /a=1¢,/a=
0.05, 0 = 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 R(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,

103 T ,

3 T T ™3
F9.375 GHz
[ (A/a=1.4)
[ g=2
102 A=-0.0lcm 4
OP MT
0 F = E
- -
~ L A&
2 o *
w
IR 2 E
=2 .
107 E
] 2 |

0.0020.0050.01 0.02 0.05 0.1 0.2 05
t,/a (:tz/a)

Fig. 6. Dependence of Ae /e on the size #, /a( =1, /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 t;,=a /2,
L.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,0, (99.5 per-
cent), single crystals of rutile (parallel and perpendicular to
the ¢ axis), and n-type germanium were used as standard
materials. PTFE, quartz glass, and sintered Al,O, 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 WRJ10(WR90) with an inner
width of a =2.29 cm was used.

The standard values of the dielectric constants of PTFE,
quartz glass, and Al,O, 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, O, (99.5 percent). The loss tangents tand were 2x 1074
to 1xX1072 The standard value of the static dielectric
constant for rutile was obtained from the literature [16],
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Fig. 7. Top views of waveguides loaded- with posts with the various -

cross sections given in Table L.

[17]. The static dielectric constant is due to a soft, long-
wavelength transverse-optic (TO) mode and is constant up
to about 100 cm ! [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 K, (Mg, ¢Ti,,0;¢ 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 ¢
required different times depending on the size and ¢ of the
post. Computation of R(0) for a post with #, /a=1,/a=
0.05 required about 2 s for 6 =0 S/cm and € =16.3 (static
dielectric constant of germanium) and 15 s for 6 =1 S/cm
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and €=16.3 on a digital computer (HITAC M-280H), for
example. Computation of ¢ from measured values of R .,
and R, for the same size of post required about 60 s for
6 =1S/cm and € =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 A1,0,

Measured values of the reflection coefficient R(0) and
dielectric constants of PTFE, quartz glass, and sintered
Al,O; 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 t,¢,/a?=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 1, /7, reported by Holms 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
t,t,/a% and the ratio 1, /1,. '

B. Single Crystals of Rutile

Fig. 9 shows the temperature dependences of the dielec-
tric constants of single crystals of rutile in directions
parallel and perpendicular to the ¢ axis at 9.375 GHz. The
cross-sectional sizes are t/a=1,/a=0.025 and 1, /a=
0.024, ¢, /a=0.0245, respectively. The boundary condi-
tions at the four corners of the post are satisfied up to
€ ~ 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 dependences of measured
values of R(0) on the dielectric constants of rutile with a
cross-sectional size of ¢, /a=1,/a=0.05 in the direction

“perpendicular to the ¢ 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
¢ ~ 40 though the boundary conditions given by (15)—(17)
are satisfied up to € ~130. ’

C. n-Type Germanium

Fig. 11(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.
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, TABLE 1
MEASURED REFLECTION COEFFICIENTS R(0) AND DIELECTRIC CONSTANTS FOR VARIOUS CROSS-SECTIONAL
Stzgs oF PTFE, QUARTZ GLASS (QUARTZ), AND SINTERED Al,O, CERAMICS AT 9.375 GHz
No. Sample size Reflection coefficient R(Q) Dielectrac
IR(O)I and Arg(R(0)) (deg) constant
tl/a tz/a s, PTFE Quartz Al,0, PTFE Quartz 1\1203
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 9.76
3 0.2 0.025 0.005 0,115 263.3 0.335 250.5 0.698 225.0 2.04 3.74 9,65
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 2.07 3.97 9.5l
6 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 0.08  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, =tty/a% ‘
/: Solution not obtained.
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dielectric constant of 16.3 in germanium [19], [20]. They
agree with the measured values. Fig. 12 shows the tempera-
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ture dependencé of the dielectric constant of n-type germa- Fig. 10. The dielectric constant dependence of measured values of the

reflection coefficient R(0) of rutile in a direction perpendicular to the ¢

nium which completely fills the cross section of the wave- axis for 1, /a = t, /a = 0.05 at 9.375 GHz. The solid and broken lines
guide calculated by the iteration method using the present show calculated values of the complex reflection coefficient.
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Fig. 13. Frequency and temperature dependences of the complex con-
ductivity of potassium-magnesium-priderite, K; (Mg, oTis,0;4. The
cross-sectional size 18 ¢, /a = t, /a = 0.0039. The solid lines show values
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 lossy dielectric materials.

D. Priderites

Fig. 13(a) and (b) shows the frequency and temperature
dependences of the complex conductivity of potassium-
magnesivm-priderite, K; (Mg, ¢Ti,,0,¢. The cross-section-
al size was t, /a =t, /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)
[121.

V. CONCLUSIONS

A solution was derived for a scattered electric field from
a square (oblong) 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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