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Simple Microwave Technique for Independent
Measurement of Sample Size and Dielectric

Constant with Results for a
Gunn Oscillator System

MYSORE R. LAKSHMINARAYANA, LARRY D. PARTAIN, MEMBER, IEEE, N W. ALLAN COOK

. . . . . . . .. . .Abstract-standard pertortratton theory anatysrs nss oeen nsed to

develop a new microwave technique for simnltatreoosly and independently

measuring the size and dielectric constant of dielectric samples. Gurrn

flange oscillators have heen used to show that simple and low cast systems

give measurement accuracies better than 5 percent when appfied to nylonj

Teflon, and quartz samples. The techniques shordd be particularly nsefuf

with samples of frregnfar cross section.

I. INTRODUCTION

M ICROWAVE measurements enjoy distinct advan-

tages in requiring no mechanical contact with a

sample, in response speed to parameter variations, and in

operation in continuous or pulsed modes. These and other

characteristics have led to a range of microwave measur-

ing systems [1]. A desirable property for such systems

would be the ability to determine separately the values for

multiple parameters which are changing simultaneously.

This paper describes such a technique for the simulta-

neous measurement of sample size and dielectric constant

that is well modeled by theory. Results for simple Gunn

oscillator systems are presented to show the close match

between actual operation and the model. By comparison,

this multiple parameter measuring approach is much sim-

pler and potentially cheaper than previous systems de-

signed to measure only dielectric constant [1], [2] or size

[3]. Because dielectric constant is a strong function of

moisture content and has some dependence on tempera-

ture, these techniques may also be simpler than current

microwave methods used for measuring these nonelectri-

cal parameters [3], [4].

II. FREQUENCY SHIFT THEORY

The basic approach is to monitor the resonant
frequency shift of a cavity disturbed by the insertion of a

rod-shaped sample when the microwave electric field is

either parallel or perpendicular to the axis of the sample.
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If the volume of the sample V, N small compared to the

volume of the air-filled cavity VC, then standard perturba-

tion theory [1], [5], [6] gives such a frequency shift ~~ for

nonmagnetic samples as

Jo j-(
.,

Cozo.io– poiio.io) d“
v,

where co and V. are the permittivity and permeability of

free space, respectively, f. is the resonant frequency of the

unperturbed cavity, and d is the relative (and real) pennit-

tivity of the sample. The ~’s and Z’s are, respectively, the

electric and magnetic fields with the subscripts “O” and

“p” denoting unperturbed and perturbed values. The sub-
script F’$ and Vc by the integral signs indicate integration

over these respective volumes. When f. exceeds the per-

turbed frequency, Af is taken as positive.

For a rectangular cavity resonating in the TElol mode,

a cylindrical sample can be inserted into the center of the

cavity through small holes, so that it is parallel to the

maximum electric field [1], [7], [8] as shown in Fig. 1(a).

Substitution into (1) then gives

Ab
!f -2((’– 1)+
fo c

(2)

where V. = A,b, and A, and b are, respectively, the cross-

sectional areas of the sample and the height of the cavity.

For the sample inserted perpendicular to the maximum

electric field as shown in Fig. 1(b), the frequency shift is

Af 2(c’– 1) ~fa—.
fo (6’+ 1) P-c

(3)

where a is the width of the cavity since V,= A,a. This

gives two independent equations in e’ and A, folr the

frequency shift.

Similar results can be obtained with a cylindrical cavity

for the sample inserted along the cavity axis as shown in

Fig. 2. If the cavity is excited in the TMoto mode, the

electric field is parallel to the sample [7], [8] and the

frequency shift, specified by (l), simplifies to
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Fig. 1. TEIO1-mode rectangular cavity.
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Fig. 2. Cylindrical cavity with a dielectric rod atong its axis.
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(4)

where 1 is the length of the cavity, and.TI(x)=0.5191 is the

first-order Bessel function of the first kind, with x=2.405

the first zero of the zeroth-order Bessel function of the

first kind.

If this cavity is excited in the TE112 mode, the electric

field becomes perpendicular to the sample, and the

frequency shift is given by

Af d-l 1 A,l
—.—
fo

(5)
E’+ 1 2(1 – 1/x*2) J:(x*) Y

where X*= 1.841 is the first zero of the derivative of the

first-order Bessel function of the first kind that gives

JI(x*) = 0.5819. Once again two independent equations in

e’ and A, are obtained. Identification of which of the

various cylindrical modes is being excited can be accom-

plished by monitoring the resonant frequency [7], [9].

Separation of the variables d and A, from measured Af

values requires two independent equations. For the rect-

angular cavity case, solution of (2) and (3) gives

a [ VC(Af/fO)]~ _ ~

“= z [ Vc(Af/fo)];
(6)

where the superscripts r refer to the rectangular cavity,

and the subscripts II and 1, respectively, identify which

measured Af/fo values were obtained for the electric field

parallel and perpendicular to the sample. If the same size

cavities or a single cavity is used for both the parallel and

perpendicular measurements, the cavity volumes VC, of

course, cancel out. Substitution of E’ back into either (2)

or (3) then gives the sample cross-sectional area As.

Similarly, for the cylindrical cavity cases

[J:(x) K(A~/fo)];~

“= [Y:(X*) V,(1 - l/x*2)(Af/fo)];E -1 ‘7)

where the subscripts specify the values applicable for the

TMOIO and TE112 modes, and where the superscript c
identify the cylindrical cavity. Again, if the same cavity is

used for both modes, the cavity volumes VC cancel. Sub-

stitution of this d value back into either (4) or (5) gives the

sample size As. Other combinations of independent equa-

tions (such as (2) and (5) or (3) and (4), or different

expressions for other modes) that have the electric field

parallel or perpendicular to the sample can also be used to

separate these variables.

III. GUNN OSCILLATOR SYSTEMS

The configurations shown in Figs. 1 and 2 allow precise

theoretical analysis; but in their ideal forms, they provide

no means for coupling microwave energy into and out of

the cavities. A simple means for driving such cavities

without departing too far from ideal behavior is obtained

by attaching Gunn flanges to the sides of properly de-

signed cavities.

A rectangular cavity was designed to operate at around
9 GHz in the TEIOI mode [7]. This had a width of 0.9 in, a

height of 0.4 in, and a length of 0.9 in. At the center of

opposing broad and narrow walls, ~-in holes were drilled

to allow sample insertion like that shown in Fig. l(a) and

(b). A Gunn flange was used to replace one of the end

walls (lying in the X– Y plane as sliown in Fig. 1). The
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Fig. 4. Microwave transducer setup.

characteristics of such flanges have been described

elsewhere in some detail [10], [11]. The dimensions for this

X-band flange are detailed in Fig. 3. A Microwave

Associates Gunn Device MA49 158 with a 9-GHz center

frequency occupied the flange. The flange was oriented so

that its bias terminal (see Fig. 3) was parallel to the X

direction (Fig. 1) and its iris slot was centered at the

cavity end. (More detailed sketches of such an oscillator

were shown in an earlier paper [12].) This oscillator was

attached to an EIP Model 350D microwave frequency

counter through an attenuator and to a dc power supply

(O- 12 V, 1.0 A) as shown schematically in Fig. 4. With

such a cavity-controlled oscillator, the resonant frequency

shifts were read directly from the counter. Because the

cavities were relatively high Q, the capacitive reactance of

the Gunn devices pulled the resonant frequencies by less

than two percent from their theoretical values.

A single cylindrical cavity [7] was designed to oscillate

at 8.8 GHz in the TMOIO mode, and at 10.3 GHz in the

TE1 ,Z mode. It had a radius of 0.5 in and length of 1.5 in;

~-in holes as shown in Fig. 2 were made at the center of

the cavity ends to allow sample insertion. Little radiation

occurred through these or the rectangular cavity holes

since interruption of current flow lines was minimal. In-

corporation of the Gunn flange onto the cylindrical cavity

involved cutting a rectangular iris 0.405 in by 0.980 in

halfway along the length 1 of the cavity, so that the longer

iris dimension was perpendicular to the cavity axis (for

more details see the sketch shown in the earlier paper

[12]). This was connected to the power supply and
frequency counter as indicated by Fig. 4.

Switching between the modes was obtained by inserting

and withdrawing Iossy material (graphite pencil lead) into

and out of the cavity at various angles. For small angles to

the cylindrical axis, TE112 oscillation was obtained. For

large angles, TMOIO oscillation was produced.
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Fig. 5. Plot of frequency shift as a function of actuat area for nylon
monofilament in a TElol-mode rectangular cavity.

IV. EXPERIMENTAL RESULTS

A comparison between the theoretically predicted and

experimentally observed frequency shifts with the rectan-

gular oscillator is shown in Fig. 5, as a function of the

actual cross-sectional area of the samples obtained by

measuring the diameters with a precision micrometer.

These data are for rod-shaped nylon samples inserted

parallel and perpendicular to the microwave electric fitild.

The observed frequency shift data are in excellent agree-

ment with the solid lines representing the theoretical val-

ues specified by (2) and (3).
The ability of these systems to separate sample size and

dielectric constant is demonstrated in Figs, 6 and 7. In

Fig. 6, the measured dielectric constant for nylon material

(calculated from (6)) is presented as a function of the

actual sample diameter measured with a precision mic-

rometer. This required that each sample be inserted

through the ~-in holes both parallel and perpendicular to

the electric field. Typical accuracies of from 2 to 5 percent

in determining size and dielectric were found for the

rectangular cavity, and from 1 to 3 percent with the

cylindrical cavity with nylon, quartz, and Teflon samplm.

Good frequency-shift detection sensitivity (Af >1 MI[3z)

is obtained when the ratio of the sample to cavity volume

times the relative dielectric constant (d V~/ VC) is greater

than 2(10-4) as shown in Fig. 8. This shows that the

relative frequency shifts (A~/fO) are of the same order of

magnitude for all the systems studied as described by the
theoretical expression from Section II. To satisfy the small

disturbance assumption, these values should probably re-

main below 1 percent (i.e., 10– 2). Proper choice of cavity

frequency (and thus its size) should assure operation in

this range for arbitrary sample size. Accurate parameter

measurements were obtained for stranded as well as rod-
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shaped samples indicating that other than the theoretically

ideal cylindrical shape can be measured.

When an IMPATT diode was substituted for the Gunn

device in the X-band flange and properly biased, similar

results were obtained. Passive cavity measurements of the

frequency shifts also gave comparable but lower accuracy

results (t 10 percent). For the passive measurements, the

Gunn flange was replaced with a small iris; and the cavity
was connected to a microwave sweeper. The resonant

frequency shift was obtained by observing the frequency

(or frequencies for the cylindrical cavity) where minimum

microwave energy was reflected from the cavity. Resonant

frequency determination in this manner was less accurate

than just reading the frequency of a microwave counter as

required with the active cavity systems. However, the

passive swept-frequency technique did have the advantage

of enabling both the TM- and TE-mode resonant

frequencies to be measured from a single sweep instead of

the switching (or two cavities) required with the cylindri-

cal Gunn oscillator.
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Fig. 8. Frequency shift versus product, dielectric constant times sam-
ple volume normalized to the cavity volume for nylon monofifaments
in rectangular and cylindrical cavities.

V. CONCLUSIONS

Direct application of standard cavity-perturbation the-

ory has led to a straightforward method of parameter

separation for sample dielectric constant and sample size.

This technique should be particularly useful with samples

of irregular cross section. X-band Gunn-flange driven

cavities have shown that a close approximation to the

theoretical model is obtained with simple and potentially

low-cost systems. Actual system costs would be de-

termined primarily by what instrumentation is used for

measuring frequency changes, and by the number of

cavities measured by this instrumentation since the Gunn

oscillators themselves are relatively low cost. The

measurement accuracy attained in this study was typically

5 percent or better. Good parameter-separation perfor-

mance was also achieved with IMPATT driven and pas-

sive cavities. Parameters related to dielectric constant such

as moisture and temperature should also be measurable

by these techniques.
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Conversion Losses in Schottky-Barrier Diode
Mixers in the Submillimeter Region

WILLIAM M. KELLY AND GERARD T. WRIXON, MEMBER, IEEE

Abstruct-Conversion Iossea, both intrinsic and parasitiq ure cafenlaterf

for Schottky diode mixers in the subrnilfirneter region, and optimum mixer

performance is shown to depend strongly upon operating freqnency and

upon diode diameter. The fmpfications for high-frequency diode fabrica-

tion are rJfseuas@ and a comparison is made of the expected fxxforrnance

of GaAs, SI, and InSb Schottky diodes at frequencies up to 5 T’Hz.

I. INTRODUCTION

R

ECENT interest in the development of sensitive

low-noise heterodyne spectrometers in the sub-

mdlimeter region of the spectrum has created a need for

nonlinear mixing elements which will perform efficiently

at wavelengths shorter than a millimeter. The role of

mixing element at millimeter wavelengths is normally

filled by Schottky-barrier diodes made on epitaxial GaAs,

and in this paper we wish to consider quantitatively, how

these diodes may be expected to perform at frequencies

over 300 GHz.

The conversion loss L of a mixer is the ratio of the

available power from the RF source to the power ab-

sorbed in the IF load. A large fraction of this conversion

loss occurs in the diode, arising from two separate

processes, the intrinsic conversion loss Lo and the

parasitic conversion loss LP, with L = L’ LO~. LO is the

result of losses arising from the conversion process within

the nonlinear resistance of the diode and for a broad-

band mixer has a theoretical minimum of 3 dB. Lp is the

loss associated with the parasitic elements of the diode,

namely, the junction capacitance CO and the series resis-

tance R,. Finally, L’ is the total loss from other sources in

the mixer, e.g., ohmic losses in the RF and IF circuits,

mismatch losses, etc.
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The parasitic and intrinsic conversion losses LP and LO

will be discussed in detail below. The figure of merit

which is normally used in evaluating the high-frequency

performance potential of a Schottky-barrier diode is the

cutoff frequency ~ = 1/2rR, CO. In view of the fact that R.

is frequency dependent [1] and fC, as thus defined, can

actually be multivalued, cutoff frequency is not a useful

performance criterion at short wavelengths. Instead we

examine in detail the behavior of LP and LO, which can be

calculated if R, and Co are known. The determination of

R, as a function of operating frequency is included in

Section II below, followed by the calculation of parasitic

loss LP in Section III. In Section IV, intrinsic conversion

loss LO is examined. Finally, in Section V, total conversion

losses are calculated as a function of diode size for various

frequencies. The results indicate that for a given operating

frequency there is an optimum diode size which minimizes

losses, irrespective of j=. This conversion-loss minimum

increases in value with frequency. Based upon our results

we predict the performance which may be expected of

state-of-the-art diodes in the submillimeter region, and

discuss their implications for future diode fabrication.

II. SERIES RESISTANCE

Fig. l(a) shows the cross-sectional details of a typical

n/n+ Schottky-barrier diode as used at millimeter wave-

lengths. The chip is fabricated by growing a thin (w0.2-

pm) epitaxial layer of carrier concentration - 2 X 1017

cm–3 on to a low resistivity n+ substrate (n+ >2 X 1018

cm– 3, typically, 100 pm thick. The bottom of the sub-

strate has an alloyed ohmic contact [2] while the front

surface is covered with an SiOz passivation layer. Circular

holes are opened in the Si02 photolithographically, and
the Schottky barrier is formed by depositing Pt followed

by Au through the holes onto the GaAs epilayer.

A simple equivalent circuit for this diode is shown in

Fig. l(b) consisting of the nonlinear barrier resistance RO
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