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Fig. 6. Diode-triplet power output versus cnrrent. A 4-GHz amplifier.
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Fig. 7. Diodetriplet power output versus current. 6-GHz amplifier.

significant cost advantages: 1 ) use of a single tuned cavity with a

single transformer, single dc supply circuit, and single set of har-
monic filters for two or more IMPATT diodes, and 2 ) requirement
of a single current-regulated source in place of two or more indl-

vidually controlled current sources. Since the experiments were
done with a very well matched pair and triplets of diodes, further

studies concerning the necessary characteristics of the individual

diodes to be grouped are required. Minor imbalances can be ac-

cepted if the amplifier performance is derated correspondingly. It
has been shown to be feasible to extend thk combining scheme to

three or more diodes at both 4 and 6 GHz.
A possible disadvantage would be the unequal division of current

for nonideally matched diodes which could necessitate some derating

of the maximum dc power to assure acceptable reliability.
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A New Method for Measuring Properties of Dielectric

Materials Using a Microstrip Cavity

TATSUO ITOH, MEMBER, IEEE

Abstract—A new nondestructive method has been developed for
measuring the dielectric constant and the loss factor of a slab-type
material using a micro strip cavity. The method, which uses a simple

and rapid substitution procedure, yields accurate results and has a
number of advantages over currently available techniques. Experi-
mental details and the theoretical basis are explained and experi-

mental data are presented.

I. INTRODUCTION

A number of methods are currently available for measuring the

dielectric constant c. and the loss factor tan 6 of a material at micro-
wave frequencies. One typical example is the method based on
the measurement of the electromagnetic scattering from the dl-

electric sphere placed in free space [1], [2]. Another common tech-
nique is the use of waveguides or waveguide cavities, which are
either partially or completely filled with the dielectric materials to be
measured. The ridge waveguide method [3] falls into this category.
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In the strip-line method [4], developed recently, the unknown
material is used as the dielectric filling medium in the triplate-type

strip lines.
In designing microwave integrated circuits, accurate values of the

dielectric constant and the loss factor of the substrate material must

be known. A typical method for measuring the dielectric properties
of substrate materials is the one reported by Napoli and Hughes
[5]. In their method, both sides of the substrate plate are first
metallized to form a parallel-plate resonator; the measurement of the
resonant characteristics of such a reonator leads to the desired

quantity. Similar methods were reported by Howell [6] and Lad-

brooke et at. [7].
In this short paper, a new nondestructive method will be reported

for measuring the dielectric properties of slab-type materials. The

experimental procedure consists of a simple and rapid substitution
technique which measures the resonant frequency and the Q factor of

a microstrip cavity that is loaded with a slab of the dielectric to be
measured. Theinversion process used toderive the dielectric proper-
ties of the material from the measured data is readily performed

with a computer.
The method has several advantagm over other available methods.

First. this method is nondestructive. Unlike the wavexuide or wave-

guide cavity method, the unknown material does n~t have to be
prepared in a specified size and/or shape. Second, the present method
requires no reflection-free environment which is the basic require-

ment of the sphere methods [1], [2]. Third, inthe method described

in [4], only the effective dielectric constant is measured. On the

other hand, the actual dielectric constant can be obtained in the
method presented in this paper.1 Furthermore, the present method

is best suited to plastic materials, which are not amenable to measure-
mentby the methods of [5], and, hence, it complements these other

methods.1
In the next section, a brief theoretical explanation will be given

for the present method of measurement. Experimental setups will be

explained in Section III. The meskurement and the computation
procedures for deriving the dielectric properties will also appear in
Section III. Finally, some experimental data will be presented in

Section IV.

II. THEORY AND MEASUREMENT PROCEDURE

Fig. 1 shows the cross section of a microstrip line covered with

a layer of dielectric material. Although the exact analysis shows that

the modal field in the microstrip line is a hybrid one, a TEM

approximation holds extremely well if the wavelength is chosen to
be much kmzer than the width of the strip and the thickness of the
substrate [81.

For a low-loss TEM transmission line, the attenuation and the

phase constants aregivenby [9]

(la)

B = Q (Lc) 1/2 (lb)

where R, G, L, and C are the resistance, conductance, inductance, and
capacitance per unit length, respectively, and co is the angular f re-

quency.

Now consider two situations. 1) The overlay material is the refer-
ence material [Fig. 1 (a) ]. The reference material may be con-
veniently chosen to be the same as the substrate. 2) The reference
material is replaced by the unknown dielectric material [Fig. 1 (b)].
If the medium is nonmagnetic, the line inductance L remains un-
thanged regardless of the filling materials. .AIso, if the line resistance

R is caused by the small loss in the conductors, the change in R is
considered to be negligible for situations 1) and 2). Then

(?1U2

- (-)

c, 1/’

&mJ1= c,

2al 2CW G, Gz

—“1– Z”’= F1– F281

(2a)

(2b)

I The author expresses his sincere appreciation to the reviewer, who
pointed out these advantages.
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Fig. 1. (a) Cross section of microstrip line structure loaded with
reference material. (b) Loaded with unknown material.

where the subscripts 1 and 2 designate the quantities for the situ-

ations 1) and 2), respectively.

Since the dielectric properties and the structural parameters are

known for situation 1), the values of C, and GI can be found from

(6) and (7) in the Appendix. Note that G, is associated with the

dielectric loss in the filling materials. Hence, ‘f we can obtain the
values of the left-hand sides of (2a) and (2b) from some measure-
ment, the values of CZ and GZ can be derived from (2a) and (2b).

It should now be noticed that C, and G, are, in turn, implicit

functions of dielectric constant C2 and dissipation factor tan &

( = u,/weJ, i.e.,

c, = ‘U(.J (3a)

G2 = v (,,, tan 62) (3b)

where the specific forms of u and v are given by (6) and (7). Since

(3a) and (3b) are nonlinear, they cannot be solved analytically for

q and tan &. However, these values can be obtained numerically

with desired accuracy using a rookseeklng routine when the values
of C~ and Gz are obtained from the measurement procedure.

Let us now turn to the measurement procedure to determine the
left-hand sides of (2a) and (2b). To this end, a cavity consisting of

a microstrip line can be used. As shown in Fig. 2, the cavity we have
employed is essentially an open-ended microstrip line. The cavity

will be loaded with the reference material and the unknown materials

which correspond to situations 1) and 2), respectively. The open-

ended microstrip line is believed to behave as an open-circuited line

at low frequencies if it is hypothetically extended by Al in order to

account for the end effect. A value for Al is usually 0.2ci w 0.4d for
the unloaded microstrip line with substrate of thickness d [10].

When the microstrip cavity is loaded with some material, the con-
tribution of the loading to Al at both ends k much smaller than that

of the substrate. For this reason in the following computations A.f

was assumed to be the same regardless of the loading materials. This

assumption can, of course, be a source of error. However, since

d << t for long cavities used in this paper for UHF to low microwave

frequencies, thie error may well be negligible.
Let us now consider the case where the cavity is fed at frequencies

w and C02for the situations 1 ) and 2), respectively, so that the
nth resonance is excited, i.e., the guide wav@ength k = 2?/n, n =
1,2,. -. , for both 1 ) and 2) situations where 1 = t + 2A1. Hence, the

phase constants & and & are identical because D = 2rT/k. It is also
well known that the Q factor of the open-circuited transmission line
is given by

Q=:. (4)

From the above argument, (2a) and (2b) can be expressed in a
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Fig. 2. Microstrip cavity. (a) Transmission type. (b) Reflection tYPe.

more convenient form, that is,

m

(-)

c1 112
— ——

c,
(5a)

U1

w U2 G, G,

Z–G2=C1– C2”
(5b)

Equations (5a) and (5b) suggest that, instead of measuring the

attenuation and phase constants directly, the desired quantities can

also be obtained by the measurement of the resonant frequencies
and the Q factors of the microstrip cavity for the situations 1) and
2).

The procedures to determine thedlelectric quantities, e, and tan
&, of theunknown materials should besummarized as follows.

a) Place the reference material on the microstrip cavity as shown

in Fig. 2. Measure the resonant frequency w and the Q factor Q1.
b) Repeat the measurement by replacing the reference material

with the unknown material. Obtain a~and Q2.

c) Compute thevaluesof ClandGl corresponding to the situation
1) (reference material on the cavity) from the known values of

a,d, e., tan &,tl,cl,and tan 61. For the computation use equations such

as (6) and (7) in the Appendix.
d) Obtain the values of C,and G, from (5a) and (5b) with the

values of ~,,~Z,Q,,Q~,Cl, and Gl derived insteps a)–c).

e) Substitute the obtained values of CZ into (3a) and solve (3a)
for c,.

f) Substitute the values of C,, GZ, and e, into (3b) and solve
(3b) for tan&.

III. MEASUREMENT SETUPS

Fig. 2 shows the schematics of the microstrip cavity circuits.
Two types of circuits have been considered. The first one, the trans-
mission type [Fig. 2(a)], is coupled With 50-Q microstrip lines on

both ends of the cavity via small capacitive gaps of width W The
microwave energy is fed from one of the 50-0 microstrip lines, while
the other 50-0 line is connected to a power meter or microwave

detector for measuring transmission properties of the cavity circuit.
The second type [Fig. 2 (b)] makes use of the reflection properties

of the cavity where only one 50-f2 microstrip line is used for con-
necting the cavity with themicrowave source and the detector. The
resonant frequency and the Q factor of the cavity are determined

from the readings of the ratio meter which compares the microwave
powers incident toandreflected from the cavity.

In either of the cavity circuits, thewidth610f the coupling gaps

was chosen to be large enough so that the measured value of Q is
essentially theunloaded Qof thecavity. Indetermining~Z, a network

analyzer was employed to monitor the degree of coupling. It was
found that the coupling coefficient of the typical cavity to the

50-fi microstrip line was about 0.05. All the circuit components

Fig. 3. Actual view of reflection-type cavity used for experiments.

L==l

E!Elm
Fig. 4. Schematic diagram of thereflection-type measurements.

have been constructed on the Rexolite 2200 dielectric plate using
copper materials. The cavities are made of a narrow microstrip of
width w and length 1.

It should be noted that the dielectric plates to be measured must

be several times wider than the strip width w of the cavity to avoid
the end effect of the loading dielectric plate. The length of the plates

must be the same as the cavity length 1 for the transmission-type
cavity circuits [Fig. 2(a)]. On the other hand, the length of the

plates may be larger than 1 for the reflection-type cavity [Fig. 2 (b) ].

There is no restriction on the thickness of the dielectric plates.

Note that the method using the reflection-type cavity is nond~

structive in nature, because any dielectric plate can be measured

without modtiying its original shape as long as it is larger than the
minimum size specified above. This nondestructive property is one of
the advantages of the present measurement method.

Fig. 3 is the picture of a reflection-type cavity used for the actual
measurement. Three 50-fl microstrip linas are seen, two of which

arecoupled with the microstrip cavities. A dielectric plate is placed
on top of one of the cavities. A considerable amount of pressure

should be applied to the plate for the purpose of mintilzing the air
gap between theplate and the substrate [4]. Theairgap is present

because the microstrip placed on the substrate has a finite thickness.
The effect of tKlckness was, however, neglected in theanalysi..

For crystalhne and ceramic materials the elimination of the air

gap cannot be attained by the plastic deformation of the material.
Hence, unless the extremely thin strip is employed, the present
method cannot be readily used for such materials. However, this
method could be used if the computer program is designed to include
the effect of air gaps.

Fig. 4 shows a schematic diagram of the measuring setups using
the reflection-type cavity.

IV. SOME EXAMPLE MEASUREMENTS

Thereference material placedon the cavity forobtaining C, and

GI was the same as the substrate, Rexolite 2200; hence, EI = c. and
tan& = tan&. Thetabulated value of dielectric constant c.is 2.62

from 0.1 to 10 GHz and the dissipation factor tan ?& is somewhere

between 0.0010 and 0.0014 in the frequency range of 0.2–10 GHz.
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TABLE I

TEST RESULTS FOR TRANSMISSIO~-TYPE CAVITY (300-500 MHz)

a
Cavity Structure Polystyreneb Plexiglassc

(7.64 m thick) (5.92 mm thick)

w(m) , wllr.) ‘2
tzn 62

‘2
tan 62

1.11 210 2.55 0.0009 2.64 0.0073

2.92 210 2.54 0.0010 2.63 0.0059

1.77 185 2.55 0.0011 2.60 0.0042

2.92 185 2.56 0.0011 2.63 0.0068

1.77 160 2.58 0.0012 2.64 0.0067

2.92 160 2.56 0!0007 2.61 0.0066

‘ Substrate is the Rexolite 2200 with 1.59-mm thickness.
b Values supplied by the manufacturer: c = 2.55; tan 6 = 0.0002.
0 Values supplied by the mannf acturer: c = 2.68; tan 13= 0.0057.

However, instead of relying on the tabulated value of c., the actual

●, value has been experimentally determined. To this end, the
resonant frequencies have been measured for the microstrip cavity

by loading it first with a Rexolite plate of thickness t and then with
two stacked plates of identical thickness t. Equation (5a) was then

solved for e. using (6) with q = c, and h = t or 2t, respectively. It is
another convenient feature of the present method that the value of
c, can be experimentally determined. In the measurement of un-
known materials, the experimentally determined G value was em-
ployed, although the tabulated value of tan & has been used.

The measurement using the transmission-type cavity has been

performed in the frequency range of 300–500 MHz. The experi-
mentally determined value of c. was 2.61 and the tan & value used

in our calculations was 0.0013.

Table I summarizes the measured values of two cliff erent materials,

i.e., polystyrene and Plexiglas. The consistency of the procedure has

been verified by employing several different cavities, and the re-

liability of the method has been confirmed experimentally. Some

inconsistency is noted between the measured values of tan 8 and

those supplied by the manufacturers. Possibly, the inconsistency
can be attributed, among other things, to the fact that the measured

Q values are not accurate enough.
The other and possibly major contributing factors for the incon-

sistency and inaccuracy of tan ~ may be as follows.
1) Although the qusi-TEM mode is assumed in the cavity, the

discontinuous junctions in the microstrip circuit can excite higher

order modes. In addition, at the open ends of the cavity the radiation

effect and the surface wave launching may be present. These phe-
nomena are not considered in the present short paper [see (4)] and

hence, can be important sources of error in the determination of
tan &

2) The conductor loss R is a function of frequency. In this short

paper, the difference of R was negle~ted in the cavities loaded with
reference and unknown materials. However, since the resonant

frequencies of these two situations are w and o,, R does change.
Furthermore, the copper loss is normally dominant over the dielectric

loss. Therefore, the derivation of (2b) must be more carefully ex-
amined. However, the first-order estimate shows the quantity

R1/L1 – R?/L2 contributes less than 5-percent error in tan 6 values.
The results for ,2 values for the reflection-type cavity are sum-

marized in Table II in which the relative errors are also noted in
reference to the values supplied by the manufacturers.

In the reflection-type measurement, an experimentally determined

value of c, was found to be 2.635. The discrepancy of the c. values for
transmission- and reflection-type cavities could be partly due to the

effect of air gaps between the substrate and the loadlng material and
partly due to the fact that the two cavities have been prepared from
different Rexolite plates.

The determined values of C, and tan & for several dielectric

TABLE II

RESULTS OF C, AND RELATIVE ERROR FOR REFLECTION-TYPE CAVITY
(500-1000 MHz)

Cavity Structure Polystyrene Plexiglass

(6.524 m) (5.994 mm)

W(m), i(m), d(m)
‘2

relative
‘2

relative
error (%) error (%)

3 150 1.524 2.562 +0. 49 2.6S3 +0. 11

3 150 1.435 2.532 -0.71 2.601 -2.95

3 120 1.524 2.563 +0.51 2.727 +1.75

3 110 1.524 2.563 +0.51 2.690 +0.37

TABLE III

TEST RESULTS FOR 3- X 120- X l.524-MM CAVITY

Load f (mz) QC tan 6

Rexolite 786.1 211.2 2.635 0.0013 a

Polystyrene 769.0 193.8 2.563 0.0018

Plexiglass 763.0 144.8 2.727 0.0078

S Given value.

materials are shown in Table III where measured values of the

resonant frequency and the Q values are also given. The factors that

affected the results for the transmission-type cavity could also

apply to the reflection-type cavity.

Experiments have also been performed for several other materials

and it was found that the measured data agree reasonably well with

the data supplied by the manufacturers.

The typical computation time for deriving both e and tan 6 from

the measured values of resonant frequencies and Q’s was about 120 s

on a GDC G-2o computer, which is about 10 times slower than the

IBM 360/75.

V. CONCLUSIONS

An efficient nondestructive method for measuring the dielectric

properties has been explained. The accuracy of the dielectric con-
stant so obtained is usually better than 3 percent (often as good as
0.5 percent), while that of the dissipation factor-is only moderate.
Several possibilities for improving the latter are: 1) improve the

accuracy of the Q measurement; 2) employ substrates of higher

dielectric constant to reduce possible radiation losses; and 3) in-

vestigate the effect of air gaps.

APPENDIX

CALCULATION OF THE LINE CAPACITANCE AND THE
LINE CONDUCTANCE

A substantial amount of information is available on the calculation
of the line capacitance of microstrip lines [11 ]–[14 ]. In this short
paper, the method developed by Yamashita and Mittra [13] and

Yamashita [14] is applied. Consider the cross section of the micro-

strip line shown in Fig. 1. The strip is assumed to be infinitely thin.
All the conductors are assumed lossless. Furthermore, for the pur-

pose of capacitance calculation, the filling media are assumed to be
lossless.

The variational expression for the line capacitance C, is

where q is the total charge on the strip

(6)

; (P) 8 rsin (Pw/2) 1 12 r 2 sin (~w/2) + sinz (flw/4)

q = G [ Bw/2 j + 5 (pw/2)2 [Cos ‘BW’2) – Bw/2 (Pw/4)’ 1
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1 +qcoth ((%i)
ji(~) =

o {e.[ei + coth (L%)] + C, coth (BcJ) [1 + ei coth (&i) 1)

andi = 1 or2, corresponding to Fig. l(a) or (b), respectively.

When a perturbation technique is used for the microstrip line filled with the materials that have small
losses (u<<,oe), the following expression forthehne conductance Gicanbe derived from (6):

Gi 1

–/

- {a,[2e, +(l+e?) coth(6t,) ]+uscoth (8d)[l+ coth(6~{) ]') .Z,(p)dp,
—. i=lor2 (7)
c%, 27reoq~ –m 6{e,[,, +coth(@ J]+e.coth(@)[l +.tcoth(@i)])2

where u, rmd .s~ are the conductivities of the substrate and the
loadlng material, respectively.
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Circular Bends in Dielectric Frame Beam Waveguides

P. F. CHECCACCI, R. FALCIAI, AND A. M. SCHEGGI

Abstract—An investigation is described on circular bends in

beam waveguides constituted by dielectric frames [5]. A uniform

bending of the guide axis is obtained by tilting each frame by a

small angle; however, due to the phase correction performed by the

dielectric frame, the losses introduced by the bending can be made

lower than those of an analogously bent iris waveguide. A numeri-

cal analysis is performed on the basis of the analogy between beam

waveguides and open resonators which permits the assessment, in
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a number of cases, of the maximum permissible amount of tilting

and the corresponding optimum frame dimensions in view of ac-

ceptable losses. The losses due to mode conversion are also evalu-

ated when considering the connection between a straight and a

curved section of the waveguide.

It is well known that beam waveguides cannot be made to follow

a curved path like tubular waveguides, but bends can be obtained

by the use of prisms or mirrors. However, curvatures with large
radii (like those encountered to follow the ground contour or to
avoid obstacles along the path ) can be achieved by lateral displace-
ments of the elements in a lens waveguide or by a sequence of small
angle changes at each aperture of an iris waveguide [1 ]–[4].

The present short paper is concerned with an investigation of

circular bendg in dielectric frame beam waveguides [5], [6], along

with some considerations on the transition between straight and

curved sections of the guide.

The investigation has been carried out on the basis of the analogy

between open resonators and beam waveguides. In this respect it

is expedient to recall that the dielectric frame beam waveguide is

equivalent to the step rimmed Fabry–Perot resonator [6], [7]. The

rims control the field at the edges of the mirrors giving rise to a

periodical enhancement or decrease of the losses as the rim thick-
ness varies. Such control can also be made at each edge almost
independently and without altering appreciably the overall field
shape.

A beam waveguide of constant radius of curvature is equivalent

to a tilted rimmed mirror resonator. The diffraction losses for the

fundamental mode of a Fabry–Perot resonator with tilted mirrors

have been evaluated for different amounts of tilting and by varying

the Fresnel number. Such losses (Fig. 1 ) have been compared with

those evaluated for the same resonators in the presence of rims.
The rim dimensions (width and thickness) here are those correspond-

ing to minimum loss and, in fact, the losses of the rimmed resonator
are much lower than those in the absence of rim. This decrease is

due to the rims placed at the largest distance edges of the mirrors
which limit the field spill-over caused by the tilting. Equal curves
are obtained by placing the rims also at the nearest distance edges,

their effect being negligible due to the extremely low value of the
field at that side. Consequently, thk rim can be suppressed; how-
ever, when considering the corresponding beam waveguides (Fig. 2),

thk rim is maintained for constructive reasons and the curved sec-

tion waveguide results constituted by a number of cells with frames

tilted one with respect to the other by the same angle. The guidance
in such curved sections is achieved through the combined effects of

frame tilting and phase-front correction performed by the frame
itself at the external side of the curve.

The diffraction losses per cell are those of the equivalent reso-
nator (Fig. 1). However, other losses are present, and precisely, losseg
due to mode conversion at the transition between straight and
curved sections and vice versa, as well as reflection losses due to
impedance mismatching at the same transitions. These last on-
will be neglected in our treatment. The mode conversion losses of
interest in this case are those relative to the zero mode which at
the transitions is partially converted into higher order ones. The
energy lost in this conversion was evaluated by considering the
ratio between the energy of the zero mode for the input cell and

the energy of the resultant zero mode of the output cell.
Fig. 3 shows the mode conversion losses in the case N = 2.5

plotted versus . (amount of tilting of the output cell) for different

values of co (amount of tilting of the input cell). The value co = O
corresponds to the particular cme of a transition between a straight
and a tilted cell. Values of the radii of curvature corresponding to
the considered values of .O and c are also indicated which are valid in


