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easily from a harmonic field analysis or transmission line theory:

Z1–l
S,l = —

Zl+l
(14)

l+rz
S12= -ql+sll)

l+r2e-yde
(15)

S21= S12 (16)

S22 = Sll (17)

where y = joJp,(tim +2j0.s) , ZC =(2cr +( fia)/j@eo))-1’2,
ZI = ZC(I + Zcth(yd))l(zc + th(yd)), r2 = 0 – Zc)/(l + Zc),
o = 2mf, E = e, Co, f is the frequency, e. is the permittivity of

the vacuum, and ~r, p, m, and d are, respectively, the relative

permittivity, permeability, and thickness of the conducting shield.

And the correction factor 2 and ~ is inherent to the slow-wave

property of the 2-D TLM network [3].

The transient field that impinges on a plane conducting wall is

modeled by the following time function:

co(t) = Ae–t’/2~f (18)

where A is the value of eO(0), t is the time, and f ~ is a measure

of the pulse width. A plane wave with the above time depen-

dence was incident on the conducting wall (see Fig. 5(a)). The

time function was observed at a node located behind the wall

after 1000 iterations. The signal is shown in Fig. 5(b) and

compared with an analytical approach whose time-domain solu-

tion is found by the numerical inverse Fourier transform calcula-

tion [10]. Good agreement between two methods can be ob-

served.

V. CONCLUSION

A novel procedure based on time–frequency transformation

for interfacing TLM algorithm with frequency-domain solutions

has been presented. It uses the a priori knowledge of the

frequency behavior of such parameters as reflection coefficients,

network parameters, and impedances, which are known in many

practical situations. The relationship between the frequency-

domain parameters and the corresponding Johns matrix of the

network based on a DFT has been presented in detail. The

examples pertaining to modeling of the absorbing waveguide

termination and the field penetration through a highly conduc-

tive sheet demonstrate the efficiency of the approach. With

respect to CPU time, the procedure for generating the Johns

matrix pertaining to such problems is orders of magnitude less

than that required by other methods.
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Open Resonator for Precision Dielectric

Measurements in the 100 GHz Band

B. Komiyama, M. Kiyokawa, and T. Matsui

Abstract —Dielectric properties of fused silica, MgO, AIN, and EN
were measured using an open resonator at frequencies around 100 GHz.

The resonator is of the semiconfocal type and consists of a concave and

a plane mirror, and the frequency variation method is used. To increase
the reliability of measurement data, the operating frequency and thick-
ness of the samples were chosen so as to make the parameter A = 1 for
every sample. The radius of curvature of the concave mirror is deduced
with sufficient accuracy from the resonant frequencies of the TEM ~,.
and TEM ~,. modes, which results in a precise determination of res-

onator length, The standard deviation of measurements was less than

0.1% in permittivity and about 10% in loss tangent.

I. Ii-iTRODUmION

Low-loss dielectric materials are of key importance in short-

millimeter-wave circuit components and quasi-optical elements

such as windows, lenses, beam splitters, and substrates. With

increasing demands for improved performance in these compo-

nents and elements, the measurement of the properties of

dielectric materials in this wave band has become more impor-

tant [1].

In the short-millimeter-wave region, dispersive Fourier trans-

form spectrometers and interferometric spectrometers of the

Mach–Zender type are often used for dielectric measurement

[1]-[3]. In comparison with these spectrometers, the Fabry-Perot
open resonator technique [4] is more advantageous for the

measurement of low-loss materials. However, few data were

available at frequencies higher than 35 GHz [5], [6] because of

the difficulty in constructing high-~ cavities and detecting ab-

sorption with enough S/N at these frequencies.
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Fig. 1. Schematic diagrams of the semiconfocal open resonator used
for dielectric measurement.

In this paper, we describe an open resonator operating at 100

GHz together with measurement results for fused silica, MgO,

AfN, and BN. The error of permittivity measurements arising

from the measurement resolution in resonator length is dis-

cussed in detail.

II. MEASURE~EN~ METHOD

The open resonator used is of the semiconfocal type, as

shown in Fig. 1. The resonator consists of a plane mirror and a

concave mirror. The measurement method is well established

[4], [7]. We have used the frequency-variation method [4] and

Lynch’s modified equations [8] as follows.

First, we measure the resonant frequency ~~ of a fundamental

TJ3M0, o,~ mode of the empty resonator with an arbitrary mode

number, q, and calculate the resonator length, D, from the

following formula:

fq=~[,+l+~tan-(fi)’”](1)

where c is the velocity of light and R o is the radius of curvature

of the concave mirror. We have used 2.99697X 108 m\s as a

value for c [7]. R ~ is assumed to be accurately known.

The next step is to place a sample with thickness t,on the

plane mirror and to measure the new resonant frequency, f,, of

the TEMO,O,, mode with the sample present. The permittivity,

&r , or the refractive index, n =&, can be determined by

solving the following equation:

(1/n) tan(nkt -0,)= -tan(kd- @,). (2)

Here

k = 2rf~/c

d=D–t

@,=tan-l(t/nzO)

@d=tan-l (d’/zo) –tan-l(t/nzo)

where

d=d+t/n

zo=[d’(Ro–d’)]1’2.

The dielectric loss angle, ~? is given by

1 tA+d
tan 8 = —

‘e tA + &[sin2(kd– @d)]

(3)

where

A =e, /{c, cos2(nkt –ID,)+S@2(nkt –0,)} (4)

and

l./ Qe=(l\Qd)–(l/Ql).

Qd is the measured Q value of the resonator containing the

sample, and QI is the calculated” Q value for the resonator

containing a similar but loss-free sample. QI is given by

2(tA + d)

‘l=QO D(A +1)
(5)

where Q. is the measured Q value of the empty resonator with

the same- axial modle number s.

In order to make the most reliable measurements of ●, and 8,

a combination of frequency and thickness so as to make A = 1 is

desired [4], [7].

III. OPEN RESONATOR AND MEASUREMENT SYSTEM

Both the concave mirror and the plane mirror were machined

from brass and gold-plated after polishing. The open resonator

was designed to measure disk-shaped samples with a diameter

of 50 mm. The diameter and the radius of curvature of the

concave mirror are 100 mm and 200 mm respectively and the

diameter of the plane mirror is 50 mm.

Coupling of microwave power into and out of the resonator is

done via two l-mm-diameter holes with a 2.3 mm center-

to-center separation situated symmetrically about the center of

the concave mirror [9]. The flange connected to both the input

and output WR-10 waveguides is butted against the S – S’ face

in the back of the concave mirror, as shown in Fig. 1. In order to

prevent undesirable direct coupling from one waveguide to the

other, 0.2-mm-thick. iridium seals are used.

Both mirrors are mounted on an aluminum optical rail and

arranged so that the axis of the resonator is vertical, as shown in

Fig. 1. The plane mirror is mounted on a translation stage and is

movable in the direction of the resonator axis.

In order to obtain the optimum coupling coefficients, Q

values and insertion losses were measured by varying the length

of the coupling holes in steps of about 0.2 mm from an initial

length of 1.5 mm, that is, by machining down the S– S’ face

gradually for the same concave mirror.

The measurement results are shown in Fig. 2, where the

resonator is operated with the fundamental TEMO, O mode,

D = 107 mm, and the resonant frequency is 101.3 GHz. The

solid line of Fig. 2 is the calculated value of the insertion loss

under the assumption that the coupling coefficients of the two

holes are equal [10]. The absolute value of calculation is chosen

to coincide with the measured value at a length of 1.5 mm.

Good agreement between calculation and experiment is ob-

tained. With the length of the coupling holes now being 1.05

mm in our experiments, the insertion loss is about 25 dB, which
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Fig. 4. Mode spectrum of theopen resonator with D=112.8 mm.

is satisfactory for our measurements. The Q value is almost

constant foravariation of the coupling hole length from 1.5 mm

to 1.05 mm and is 1.1x 105.

A block diagram of measurement system is shown in Fig. 3. A

frequency multiplier driven by a pulse-modulated synthesizer is

fed to the resonator, and the transmission signal from the

resonator is detected by a square-law detector and a lock-in

amplifier. The frequency multiplier (the multiplication factor is

6) covers the entire W band and its nominal output power is O

dBm. Q values are determined by the slope of the plots of

reduced cavity parameters versus reduced frequency parameters

[11].

An example of the mode spectrum of the resonator with

D = 112.8mm is shown in Fig. 4 when sweeping frequencies

from 96 to 108 GHz. In addition to the fundamental mode,

TEMI, O and TEM2,0 modes are excited. The Q value of the

TEM1, O mode is almost as high as that of the TEMO, O mode.
Although the resonant frequency of the TEM2, o mode is close

0
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Fig. 5. Plots for D calculated from f,, and f76versus f77.Vertical

and horizontal axes show shifts from 112.8 mm and 103.944 GHz,

res~ectively. The solid line shows the D calculated by (1) with R. =

198.50 mm:

to that of the TEMO, ~ mode, mode identification is quite easy,

because both the Q value and the detected signal level are

much lower than those of the TEM 0,0 mode. The signal inten-

sity becomes very small between 96 and 99.5 GHz. We cannot

adequately explain this yet.

IV. ERROR OF e, CAUSED BY MEASUREMENT

RESOLUTION IN D

The fractional error of permittivity, 86, /~,, arising from the

measurement error of the resonator length 8D can be written

by differentiating (2):

8Er/E,.=. –2SD/t (6)

where it is assumed that D and fq are independent of each

other and that A = 1 and t<<D.

In a measurement system such as that of Fig. 3, the fractional

frequency measurement resolution, 8~, is usually of the order of

l/(lOOQo). In our case, am is about 3 X 10–7. From (l), D can

be written as

D=c\2[(fq-fq-1)]. (7)

Hence,

(8)

where fB= c /2D and no correlation between measurements of

fg and fq_, is assumed. For our typical case (D= 113 mm,

fq = 100GHz), ~D/D - 3.2x 10-5. Fig. 5 shows the plots for D
calculated from f77and f76 by using (7) versus f77.Changes in

f77 are due to a variation of ambient temperature of about

1.6° C. The predicted fluctuation of D is observed. The error in

.s, for a sample 1 mm in thickness becomes about 1YOin the case

above. Therefore, D is determined from (1) to reduce this error

[4], [12], as described in Section II. Howeverj this can only be

allowed on the assumption that R. is measured precisely. Dif-

ferentiating (1) gives

8D/D.=. - (c/4mfq)[D(Ro – D)]-’’2(M?Ro)Ro) (9)

where (c\4mf) [D(RO – D)]–l/2 <<1 is assumed. For the case

above and with R. = 200 mm, dR o /R. should be less than

1.3 X 10-3 to determine 8D/D by less than 3.2x 10-6.

Jones has determined R o by measuring the difference of the

resonator lengths between adjacent modes with a resolution of
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TABLE I
MEASURED R. FORVAWOUS RESONATORLENGTHS

TABLE II
MEASURED PERMITTrVITY AND Loss TANGENT

D (mm) R. (mm) Material t(mm) f (GHz) A ●, tanf5 X104

110.836 198.493

112.839 198.504

114.837 198.517

mean values: 198.50 + 0.01 mm

0.2pm for a series of q values and fitting calculated values from

(1) to the measured results [7]. We have measured RO more

simply and conveniently by using the resonant frequencies of

both the TEMO, ~ and TEMl, ~ modes. The resonant frequency,

~P,o,tr, for the TEMP,o,q mode is

(
1/2

f,.o>q = &j
( )}

(9+l)m+(2p+l)tan-’ -_!?..-
RO– D

(lo)

From (10), RO and the fractional error of It. can be written as

follows by using fo,o,q,fl,o,q-l, andfo,o,q-1:

Ro=Dsin-2(~x/2) (11)

dRo/Ro = aS~ (12)

where

x = fB2/f~~
a = Txp cot (mx/2)

~=[(fl,O,q-l /fB2)2+ (f0,0,q/fBl)2

~ 1/2

+( f;l–fF;)2(fo,o, q-1) I
fBl=fO,O,q –fO,O,q-l

fB2=fl,o, q-l–fo,o, q-l.

In the derivation of (12), we have assumed that the measure-

ment resolution of fo,o,~,f O,.,~_1,and f 1,0,~_1 is thesameand
measurements of these frequencies have no correlation each

other.

Since x - 1/2 in our case, as shown in Fig. 4, we can show

that dRo /R. is nearly equal to the fractional error of D given

by (8) and is sufficiently small for our purpose.

Table I shows measured results by this method for three

different values of D, which are within ~ 10 Km. The solid line

in Fig. 5 is the D calculated by (l), with R. = 198.50 mm, which

also demonstrates the suitability of this method.

The obtained R. differs from the mechanically assigned value

of 200 mm by as much as 1.5 mm. The reason for this large

discrepancy is under investigation,

Although R. can be measured with sufficient accuracy by this

method, its use is limited to the case where the TEM ~,o mode

with a Q similar to the fundamental mode exists. When the

TEM,, o mode is not available, it will be necessary to further

increase the measurement resolution of the resonant frequency

by a technique such as frequency locking a millimeter-wave

source to the resonator [13].

V. DIELECTRIC MEASUREMENT

Measurements were made on fused silica, MgO, AIN, and

BN. All samples are disk-shaped with diameter of 50 mm and

polished faces. The sample is just placed on the plane mirror as

shown in Fig. 1 and no clamp is used.

The results are summarized in’ Table II. The measurement

frequency has been chosen to make A = 1 for each sample. The

Silica 1.46 105.3 1.00 3.799 2.6
Glass 3.800 2.5

2.94 105.3 1.00 3.800 2.9
3.800 3.0

IR grade 5.1’2 104.7 1.00 3.800 3.1
3.800 3.3

M~O 1.04 92.8 1.00 9.809 0.42
9.813 0.49

AIN 1.12 92.9 1.00 8.289 4.6
8.290 4.5

2.18 96.5 1.01 8.296 3.8
8.297 4.1-

BN 1.93 103.0 1.00 5.163 11
5.163 10

double entries in the table refer to the one sample being turned

over.

We have measured three samples with different thicknesses of

fused silica to check for systematic error. The samples are IR

‘grade fused silica from the Nippon Silica Glass Company and

the OH content is about 8 ppm according to the manufacturer’s

data sheets. No significant change can be seen in .E, up to the

third figure among the three samples. Measured values of E, are

about 0.2$% smaller than those of fused silica with low water

content measured at 245 GHz [2]. For tan S, there is a tendency

for a thicker sample to show a higher tan 8.

MgO is often used as a substrate for high-Tc superconductors

[14]. The samlple used is a (100) face single crystal and is

produced by Tateho Chemical Industry. Our results for E, and

tan 8 are about 5% higher and 2.5 times larger, respectively,

than those measured at 15 GHz [14]. The tan 8 of MgO is

smaller than that of fused silica by nearly an order of magnitude

and is therefore a promising substrate for superconducting mi-

crowave devices.

AIN and BN are potential candidates for window materials in

high-power source applications such as gyrotrons and klystrons,

because of their good thermal conductivity. The AIN sample was

obtained from Sumitorno Electric Industry and is 99.7’%0 chemi-

cally pure. The average E, for the AIN samples is 2.1% higher

than the value reported in [3].

The BN sample was obtained from DENKA and is designated

P-BN. The sample is pylolitic BN; it is prepared by the CVD

method, and the total content of metallic impurities according

to manufacturer’s data sheets is less than 10 ppm. The mea-

sured e, shows a value higher than that reported in [2] for

hot-pressed BN. This material is lossier than AIN.

For all samples in Table II, the standard deviation of mea-

surement error is less than 0.1% in .s, and about 105% in tan 8.

VI. CONCLUS1ON

With the recent progress in commercial millimeter-wave

wide-band frequeney sources, it has been shown that an open

resonator can be a convenient tool for precise measurements of

permittivity and loss tangent for’ low-loss material even at

100 GHz.

Dielectric properties of fused silica, MgO, AIN, and BN at

100 GHz have Ibeen measured. Standard deviations in the mea-

surements of less tlhan 0.1% for ●, and of about 10$% for tan S

have been achieved.
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A Method for the Rapidly Convergent

Representation of Electromagnetic

Fields in a Rectangular Waveguide

Kazuhisa Ishibashi and Eikichi Sawado

Abstract —In numerically analyzing the electromagnetic fields in a
rectangular wavegnide by the integral equation method. it is essential to
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calculate the electromagnetic fields produced by the electric and mag-
netic currents and charges. In this paper, a new method is proposed to

facilitate rapid calculation of the three-dimensional fields. This method

is a modified image method and gives an accurate vahre in a short time.

I. INTRODUCTION

The integral equation method has been effectively used to

analyze electromagnetic fields in a rectangular waveguide [1]-[3].

In solving integral equations, it is desirable to calculate the

fields produced by electromagnetic sources, such as electric and

magnetic currents and charges, within a short time.

The fields have usually been expressed by the mode method

or the image method [4]. In the mode method, the field is

expressed by a series using modal functions which satisfy the

boundary conditions on the waveguide wall (here called the

mode series). In the image method, the field is expressed by a

series which is composed of fields produced by a source and its

images arranged to infinity in order to satisfy the bounda~

conditions on the waveguide wall (here called the image series).

As the fields are expressed by infinite series, the convergence of

the series is sometimes troublesome and several methods have

been proposed for rapid computation. There is a rapid conver-

gence method [1], [2] for two-dimensional fields and a modified

image method [3] for three-dimensional fields.

A modified image method for calculating the fields produced

by straight electric and magnetic current segments has been

proposed and found to be effective for calculating the fields

near the source. Computing errors of the fields increase as the

distance from the source to the observation point increases.

Therefore, the modified image method is improved for the

accurate calculation at any position by adding a correcting term.

In order I.o check the adequacy and usefulness of the method

considering the term, its error is compared with that of the

method without it.

II. REPRESENTATIONS OF THE ELECTROMAGNETIC FIELDS

The electric and magnetic fields, E and H, in the Lorentz

gauge are expressed by using the vector potentials A and A*

produced respectively by electric and magnetic currents i and i*

and the scalar potentials @ and 4* produced respectively by

electric and magnetic charges p and p* as follows [5]:

E=–jmA– V+– VXA*/eo (1)

H=–j~A*–v~*+vXA/~O (2)

where EO and W. are, respectively, the permittivity and the

permeability and a = 2~ f with a frequency f.
Setting the Cartesian coordinates with the z axis parallel to

the direction of wave propagation and the x and y axes parallel

to each wall of the waveguide, we obtain the vector and scalar

potentials at PO(XO, Y., ZO) produced by the currents and charges
positioned at P,(x,, y,, z,).

A. Representation of the Fields by the Image Metl~od

The potentials are given equivalently by adding those pro-

duced by electromagnetic sources such as i, i*, p, and p* and

their images i,, i;) P,> and P: [31.
The images are positioned at P,(xC, y,, z,J

x, =2atn +(–l)z X, yL=2bn+(–l)lyf
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