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Fig. 2. Npeu as a function of coupling coefficient »,. The parameter is the
C,/Cp ratio.

oscillator of high power-combining efficiency, after a few devices
are added, the rms frequency deviation may be expected to
decrease rapidly as the active devices are further increased in
number. However, much depends on the C,/C, ratio. If this
ratio is small, the rms frequency deviation may fall without
undergoing any rise when the active devices are increased in
number. For example, when the C,/C, ratio is 2 and the
coupling coefficient is 1.0, N,y is 2 (Fig. 2). In such a case, as
the active devices of the multiple-device oscillator are increased
in number from the minimum of 2, the rms frequency deviation
only decreases and does not rise at all. On the other hand, if the
coupling coefficient is small and the C, /Cj, ratio is large enough
for N,.. to be larger than the maximum number of devices that
can be accommodatéd by the oscillator structure, the rms
frequency deviation continues to increase as the active devices
are increased in number. The curve for n, = 0.2 in Fig. 1 is such
an example of a multiple-device oscillator structure with fewer
than 15 devices.

If the active devices are increased in number to the extent that

ntzNgopt > Gc (10)

and '
n*NCp > C, (11)

then from (8)
)
gopt Un gopt

A - B — 12
Joms 2aCp 4NP, (12)

Thus as shown by (12), when a multiple-device oscillator is
comprises a very large number of active devices, its rms frequency
deviation is independent of the coupling coefficient and is in-
versely proportional, to the square root of the number of con-
stituent active devices.

III. CONCLUSIONS

Considering the dependence of external @ on circuit and
active device parameters, an analysis of FM noise in a multiple-
device oscillator is presented. The analysis shows that, with

proper selection of circuit parameters, the rms frequency devia-
tion in such an oscillator decreases rapidly with an increase in the
number of active devices. Increased coupling between the active
devices and the power-combining cavity increases the rms
frequency deviation. This influence of device—cavity coupling,
however, diminishes as the active devices are increased in num-
ber.
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Measurements of Microstrip Effective Relative
Permittivities

STEVE DEIBELE, STUDENT MEMBER, IEEE,
AND JAMES B. BEYER, SENIOR MEMBER, IEEE

Abstract —This paper presents normalized wide-bandwidth measure-
ments of microstrip effective relative permittivities (€ ) which were made
on large-scale microstrip models. The experimental techniques are dis-
cussed, and the data are compared to the predictions of two recent
closed-form design equations. These results agree favorably with the
predictions of Kirschning and Jansen’s model. In addition, suggestions
concerning frequency limitations of microstrip use and comments on the
reliability of CAD packages for microstrip circuils are made.

1. INTRODUCTION

Increased interest has recently been expressed in the char-
acterization of microstrip, one of the popular planar transmission
lines. Microstrip does not support transverse electromagnetic
(TEM) waves and is hence dispersive. Several researchers [1]-[6]
have employed both approximate and rigorous numerical tech-
niques to calculate the phase velocities and the “impedances,”
but the rigorous techniques are quite involved and require too
much computer time to be used directly in computer-aided
design (CAD) applications [7). Furthermore, the approximate
techniques have limited regions of validity. Recently, two groups
of researchers, Kirschning and Jansen [7] and Hammerstad and
Jensen [8], addressed this problem by providing closed-form
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Fig. 1. The cross section of a typical shielded microstrip line (not to scale)

The substrate is characterized by pg and €,¢, where €, > 1.

design equations of the effective relative permittivity (e ), but
beyond low (normalized) frequencies the predictions of these two
equations deviate significantly from one another. Only a few
experimental data sets limited to intermediate normalized fre-
quencies are available for comparison to these and other design
equations, leaving the microstrip circuit engineer uncertain which
of the microstrip models and the respective closed-form disper-
sion design equations to use. For example, the experimental data
sets published in [5], [6], and [9] remain below (frequency)(sub-
strate height) £ fi =1.6 GHz-cm. To remedy that situation, this
paper presents the needed wide-bandwidth (up to fA = 4 GHz-cm)
measurements of the microstrip effective relative permittivity on
three experimental circuits. Comparisons of those data with the
€. predictions of [7] and [8] are made. The experimental data
points closely follow the predictions of [7] across a very wide
bandwidth and support those of [8] only near the lower (normal-
ized) frequencies.

Microstrip Geometry and Notation

Fig. 1 depicts the standard notation used for describing micro-
strip parameters. In this paper, €, denotes the substrate relative
permittivity. Because no magnetic materials are employed in the
experimental circuits, the relative permeabilities p, of the dielec-
trics and the conductors are assumed to be unity. Ideally, the
cross-sectional dimensions H and W are very large relative to
both the substrate height # and the strip width w. The presence
(or absence) of the top and side shielding conductors then
negligibly affects the microstrip behavior as compared to the case
involving infinite dimensions for H and W.

II. THE EXPERIMENTAL APPARATUS AND THE
MEASUREMENT SCHEME [10]

Three large-scale microstrip circuits using substrate relative
permittivities near 9 and strip-width-to-substrate-height ratios
(w/h) in the range 0.4 <w/h <2 were analyzed. The circuit
substrates were cut from a single quarter inch (= 0.6 cm) thick
sheet of Emerson-Cuming’s stycast high-K dielectric, a low-loss,
machinable material designed for microwave use. The advantages
of using large-scale circuits include the possibility of creating
unique circuit layouts in-house, having greater tolerances of
machining and parts layouts, and above all, being able to use
lower test frequencies where accurate measurement equipment is
readily available, Appropriately configured layers of plated copper
formed the single-strip circuits. The microstrips were short-cir-
cuited on each end, creating resonant structures. The resonance
measurement method described by Getsinger [1] was used to
determine the effective relative permittivity €. (or, equivalently,
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Fig. 2. The circuit model of the experimental apparatus.

the phase velocity) at discrete frequency points. This method and
the details of the constructions are described below.

A. The Resonance Method

Getsinger’s effective relative permittivity measurement method
[1] is based upon the resonance of a microstrip line which is
short-circuited at both ends by conductive planes (shorting plates).
Fig. 2 shows the experimental circuit model, consisting of a line
length /, two short-circuit terminations, and two (lightly coupled)
probes. In this experiment, the probe terminations Z; and Z,
were chosen to be reactive. The first probe functioned as the
coupler between the source of electromagnetic energy and the test
microstrip, and the second probe served as a detection coupler.
By using an HP 8510 automatic network analyzer and ap-
propriate light coupling to the test microstrip line, |S;;| near
unity and very sharp but small transmission peaks (|.S,,|) corre-
sponding to system resonances could be observed. The system
resonances were shown to be dominated by the true microstrip
line resonances by verifying the frequency insensitivity of the
transmission spikes to variations in the line couplings. Beyond
the respective cutoff frequencies, higher order (nonfundamental)
modes could propagate along the microstrip, complicating the
€.; measurements slightly. Coupling to the fundamental mode
was maximized while coupling to the higher order microstrip
modes was suppressed. This and the application of several
processing features of the HP 8510 helped separate the funda-
mental mode resonance peaks from the higher order mode reso-
nance peaks.

The effective relative permittivity, which is the relative permit-
tivity of a single-dielectric TEM transmission line whose phase
velocity equals that of the microstrip line, may be easily related
to the resonance measurements of the test structure. At any
fundamental mode resonance, the length of the test microstrip is
an integral number of half wavelengths, or

I=n)/2 1)

where n is the resonance number, A is the wavelength, and / is
the microstrip length. Using the definition of ¢, and knowing
n, I, and the resonant frequency f. one may algebraically
manipulate (1) into

€etf = [nc/(2fl)]2 (2)
where ¢ is the speed of light in free space. Equation (2) was used
for all resonance analyses in this work.

B. The Construction Techniques

The use of large-scale circuitry and the lack of commercial
circuit processing systems for these sizes necessitated the use of
custom circuit constructions, which are described below [10]. Two
different plating processes were used in the circuit constructions.
Two microstrip substrates, one 0.245 in high X4.719 in wide X
2.438 in long and the other 0.229 in high X 5.20 in wide X3.02 in
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Fig. 3. Experimental results and mucrostrip model predictions of the effec-
tive relative permittivity e versus frequency. (1) Hammerstad and Jensen’s
model. (2) Kirschning and Jansen’s model. At 6 GHz, fh, =3.73 GHz-cm
and fhg=4.0 GHz-cm.

long, were completely covered by 1 pm of vapor-deposited copper
followed by copper electroplating until an overall conductor
thickness of 1-2 mils was reached. A three-step circuit-patterning
technique was then used to form the final strip conductor geome-
try upon the plated substrate. This involved masking the copper
surfaces to be removed, plating the exposed copper regions with
tin, and exposing the surfaces to a copper etchant which did not
attack the tin. Well-defined microstrip lines were produced in
this manner. In contrast to the first two circuits, a third micro-
strip circuit was patterned directly during the plating process. On
this third substrate (which measured 0.263 in highx12.0 in
wide X 4.489 in long), a removable tape masked the regions which
were to remain bare. The entire structure was then plated by
using an electroless copper plating procedure, producing a thin
base layer over the bare substrate and the mask. A layer of
electroplated copper was immediately deposited over the copper
base, strengthening the entire conductive layer. After the second
layer deposition, the masks (tapes) were removed, leaving the
strip conductor line, the ground plane, and the plated edges in
intimate contact with the substrate. Further electroplating al-
lowed an overall (average) metallization thickness of approxi-
mately 1.6 mils to be reached. However, undesirable rough “lips”
(which were estimated to be from 1-3 mils high) formed on the
strip conductor as a result of the higher electric fields found near
the edges of the unmasked strip during the second electroplating
process. Analyses of the strip conductor thicknesses using [7] and
[8] indicate that the strip lips might have shifted the €. measure-
ments obtained on this third microstrip circuit by —0.03 to
—0.07, a relatively small amount. To complete the constructions
of all three microstrip circuits, shorting planes 3 in high and
covering the width of the substrate were formed by the soldering
of copper foil to the substrate edge metallizations, leaving the
circuits unshielded. Although the three substrates were cut from
the same dielectric sheet, they were exposed to differing environ-
ments throughout the experiments. This allowed the nonequal
absorption of chemicals (including water vapor) among those
substrates, altering slightly the dielectric electromagnetic proper-
ties. Therefore, the €, of each substrate was measured using a
waveguide cavity resonator technique after the substrate plating
processes were completed. The measurements yielded €, =9 in all
cases (exact values are given on Figs. 3 and 4.).

111

The experimental results have been plotted in Figs. 3 and 4.
The predictions of Kirschning and Jansen [7] and Hammerstad
and Jensen [8] for the same microstrip parameters have been
plotted for each comparison. Referring to Figs. 3 and 4, dif-
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Fig. 4. Experimental results and microstrip model predictions of the effec-
tive relative permittivity €., versus frequency. (1) Hammerstad and Jensen’s
model. (2) Kirschning and Jansen’s model.

ferences less than 1.8 percent, 3 percent, and 0.8 percent exist
between the data and the predictions of Kirschning and Jansen,
respectively. (The greater deviation of curve B, Fig. 3 from
Kirschning and Jansen’s model might be attributed to the model
B relative dimensions. Model B featured a strip of narrow width
which was constructed using the direct-pattern electroless plating
technique. An analysis of [7] and [8] shows that small w /A lines
display greater sensitivity to parameter fluctuations than do large
w /h lines. The undesired rough lips and the resulting microstrip
width and thickness variations found on model B certainly shifted
the €. measurements somewhat.) These dispersion measure-
ments extend up to fh=4 GHz-cm. (Kirschning and Jansen
claim validity for their model to approximately fh = 3.9 GHz-cm.)
This is well beyond the 1.6 GHz-cm frequency limits of previ-
ously published experimental data [5], [6], [9]. Clearly, the experi-
mental measurements of e, support the closed-form design
equations of Kirschning and Jansen over a very large frequency
span, extending from dc up to a normalized frequency of 4
GHz-cm, the highest frequency investigated. One might expect
Kirschning and Jansen’s design equations to predict microstrip
dispersion more accurately across wide bandwidths than Ham-
merstad and Jensen’s equations because Kirschning and Jansen
employed rigorous spectral-domain dispersion solutions as a ba-
sis for their work whereas Hammerstad and Jensen used quasi-
static techniques in their development. Comprehensive error
analyses [10], [11] indicate that the relative uncertainties in the
measurements of €, are less than 3 percent at the lower frequen-
cies (fh<0.5 GHz-cm) and are between 1.4 percent and 1.7
percent at the higher frequencies (fh =3 GHz-cm). Thus, the
error analyses allow confidence to be placed in the experimental
results. .

The problems of the excitation and the propagation of unde-
sired higher order microstrip modes must be addressed. Through-

. out experimentation, it was observed that the higher order modes

were largely evanescent below 2 GHz-cm, while at 3 to 3 1/2
GHz-cm they could easily be excited. Thus, at frequencies above
2 GHz-cm, more attention must be paid to the geometries of the
microstrip layout to avoid the undesired higher order mode
excitations. At frequencies approaching and surpassing 3
GHz-cm, special care is needed to prevent these excitations. In
addition, general microstrip design at normalized frequencies
above 4 GHz-cm would not be recommended.

IV. RESEARCH IMPLICATIONS FOR CAD

Kirschning and Jansen’s closed-form model was produced via
a multidimensional curve-fitting technique with Jansen’s large
computer-generated data base. The good agreement of the experi-
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mental data with the model [7] implies the validity of the numeri-
cal data base. Jansen’s spectral-domain approach to microstrip
effective relative permittivity characterization has thus been veri-
fied to be sound. This allows one to place confidence in the
dispersion calculations within CAD packages employing this
approach to generate a numerical data base, such as the recently
introduced LINMIC [12].

V. SUMMARY

This paper has presented high-frequency effective relative per-
mittivity measurements of three microstrip circuits, reaching a
normalized frequency of 4 GHz-cm (which is higher than previ-
ously reported bandwidths in [S], [6], and [9]). These data have
been compared to two recent closed-form microstrip models [7],
[8] and show good agreement with the model proposed by
Kirschning and Jansen [7] across the entire bandwidth.
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