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Fig. 4. (a) Measured oscillation frequency change of the electronic tuning versus

bias current density (area =1.2 X10™ cm?). (b) Measured oscillation power of the
electronic tuning versus bias current density (maximum power =1.2 mW),

PITT diode has been investigated at X band. A graphical method of
predicting the electronic tuning performance of the oscillator using
the results of the dynamic impedance has been outlined. This has
been verified experimentally. Therefore, it has been shown to be
possible to design the linearity, sensitivity, and level of response of
electronic tuning from the knowledge of impedance measurements.!
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Anisotropy in Alumina Substrates
for Microstrip Circuits

J. H. C. van HEUVEN an~p T. H. A. M. VLEK

Abstract—By determining up to 16 GHz the effective dielectric
constani for microstrip lines with various strip widths, it has been
found that anisotropy in alumina substrates considerably affects
the wavelength and is responsible for most of the discrepancy be-
tween theory and experiments.

In the static theory originally presented by Wheeler [1], the con-
cept of the effective dielectric constant (DC) (ess) for microstrip lines
has beer introduced, assuming TEM wave propagation. Early experi-
ments showed the existence of dispersion in microstrip lines. Numer-
ous measurements of dispersion have been reported, mainly on 50-Q
lines on alumina substrates. The discrepancies, observed sometimes
between experimental results, could not be explained by the inac-
curacy of the measurements. The discrepancies can be partly ex-
plained by the difference in the relative DC (e,) of the substrate [3],
[4]. During our measurements of eg with various strip widths on
alumina substrates, we found another cause for the discrepancy be-
tween static theory and measured data: anisotropy in the alu-
mina substrates. Anisotropy is a well-known property of sapphire,
i.e., a single crystal of aluminum oxide. In polyerystalline alumina a
preferred orientation of the crystallites can sometimes be observed.
In sapphire, the DC (e;) in the direction of the optic axis is 10.55
according to [5] or 11.5 according to [6]. For a few synthetic sapphire
substrates we found & =11.7 (+1 percent), for which the supplier
specified 10.55. Perpendicular to the optic axis, ¢.=8.6 [5] or 9.5 [6].
For alumina without a preferred orientation, 9.7 is given in [5],
which is the same value as specified by the supplier.

In this short paper experiments are described, showing clearly
the effect of anisotropy on ess of microstrip lines on alumina. For
comparison, results with isotropic materials: fused quartz and non-
magnetic ferrite, having a lower (3.78) and a higher (13.9) ¢ than
alumina, are given. The relevant properties of the substrates used
are summarized in Table I. The values of ¢ are derived from capaci-
tance measurements at 100 kHz.

A simple determination of e is obtained from capacitance mea-
surements of microstrip line lengths with various strip widths at a
sufficiently low frequency (100 kHz). Then e is defined as

G
€eff = Co

where C, denotes the measured capacity of the line and Co the ca-
pacity of the line for substrates with ¢.=1. The latter cannot be mea-
sured, but is derived from the characteristic impedance of a line for
substrates with e,=1 as given in [2]. Since Zp=(L/Cy)V? and
¢=3.10% m/s == (LCo)~'2, eets can be written as

€off = Cl'C'Zo.

This value, denoted by et (dc), should equal that obtained from the
static tteory [2], denoted by er (sf), within the accuracy of the
approximation and that of the measurement (about 1 percent).

A second method was used for determining dispersion and for
verifying the data e (dc) obtained from capacitance measurements.
By measuring the resonance frequency of transmission-type reso-
nators, consisting of lengths of coupled microstrip lines, the wave-
length can be determined and essr is found as

No(w) \ 2
Ao (w) >

(1) = (

where \g(w) and N, (w) represent the wavelength in free space and in
the microstrip line, respectively, at an angle frequency w. es(w)
depends on frequency, indicating dispersion. Corrections Al for the
fringe fields at the open ends of the resonators are derived from mea-
surements with resonant line lengths L= n\,(w1) /2 and le= nah, (w2) /2
where 1,2 is a whole number and w=w. [7]. The correction follows
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Fig. 1.

Resonant microstrip lines on fused quartz with different lengths
for calculation on the fringe field at the open ends.

Fig. 2. Resonant microstrip lix_le on fused quartz mounted
in a Ku-band waveguide with upper wall removed.

TABLE I
Substrate Dieletric Surface
Thickness & Constant e Roughness
(mm) (at 100 kHz) (um)
Fused quartz 0.50 +0.005 3.78 0.4-0.6
Alumina (Alsimag  0.63540.01 10.8+0.1 0.2-0.4
772) Nonmagnetic  0.55 +0.002 13.94+0.1 <0.05
ferrite polished
from

1| mowils — mywals
Al = | B T e
2 oW — N1We

A fused quartz substrate comprising three line lengths for the reso-
nance measurements is shown in Fig. 1. Within the estimated ac-
curacy (20 percent) of Al, no dependency on frequency could be ob-
served. Taking the correction Al into account, es(w) has been
measured between 2 and 12 GHz (16 GHz for 50-Q lines). From these
data the effective dielectric constant at zero frequency has been de-
rived by extrapolation and will be denoted by et:(0). The values of
eori(dc) and es:(0) should be equal. The reproducibility is better
than 0.1 percent and the estimated absolute accuracy is better than
1 percent: With the line resonators mounted in a Ku#-band waveguide
(Fig. 2), with a cutoff frequency of 15 GHz, the difference between
the values of er(w) measured in and out of the waveguide was less
than 0.4 percent, which is within the limits of the estimated accuracy.

eti(dc) obtained from capacitance measurements on fused
quartz and ferrite are compared in Fig. 3 with the curves calculated
from the static theory given by Schneider [2]. These formulas are
preferred to those presented by Wheeler [1] (dotted curves in Fig. 3)
because of the ambiguity in the approximation for narrow and wide
strips. The agreement between experiment and theory is satisfactory.
For alumina the discrepancy is obvious, as shown in Fig. 4. For wide
strips, experimental values of the effective dielectric constant agree
well with the predicted curve for ¢ = 10.8, the measured value, taking
into account the error in the approximation used in the static theory
and the accuracy of the measurement. However, for decreasing strip
width, e;(4c) decreases rapidly to the curve belonging to e=9.7,
the value specified by the supplier.

Resonance measurements were carried out only on fused quartz
and alumina because the supply of ferrite substrates was limited. The
corrections Al for fringe fields are summarized in Table II and agree
well with the predicted values given in [8]. The data for es:(w) are
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Fig. 3. Effective dielectric constant at 100 kHz of microstrip lines on fused quartz
and nonmagnetic ferrite compared with curves derived from [1] and [2].
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Fig. 4. Effective dielectric constant at 100 kHz of microstrip lines on anisotropic
and isotropic alumina compared with curves from {1] and [2].

TABLE 11

Approximate Fused Quartz Alumina

Characteristic

Impedance Al w Al w
@ (mm) (mm)
25 0.26 3.00 0.21 2.00
40 0.24 1.50 0.18 0.90
50 0.20 1.00 0.18 0.58
70 0.15 0.50 0.15 0.20
100 0.14 0.15 0.14 0.07

summarized in Table III. For fused quartz, the extrapolated values
&11(0) agree very well with e:(sf). For alumina, a similar decrease
with decreasing line width is found in e(0) as in et:(dc).

This effect in alumina can be explained by assuming anisotropy
in the substrates. For wide lines the main parts of the electric field
lines are directed perpendicular to the surface of the substrate, but
for narrow lines the component of the fringe field parallel to the sur-
face cannot be neglected. This implies that crystallites align them-
selves perpendicular with the optic axis to the substrate surface. A
strong preferential orientation could indeed be demonstrated by
X-ray diffraction analysis. This anisotropy is also responsible for the
differences found in . In order to substantiate this statement, a few
substrates were selected from a different supplier with a lower mea-
sured e (9.9). No preferred orientation could be observed by X-ray
diffraction analysis and the values for e:(dc) showed a good agree-
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TABLE 111

. Fused Quartz
Strip eers(w)at
Width
(mm)  eer (st) eetr (0) 4 GHz 8 GHz 12 GH:z 16 GH:z
3.00 3.25 3.26 3.28 3.31 3.36
1.50 3.06 3.09 3.10 3.12 3.15
1.00 2.96 2.97 2.98 2.99 3.02 3.06
0.50 2.81 2.86 2.87 2.88 2.89
0.15 2.63 2.66 2.67 2.67 2.68

Alumina

2.00 8.30 7.85 8.06 8.31 8.60
0.90 7.63 7.07 7.27 7 40 7.60
0.58 7.33 6.86 6.93 7 11 7.31 7.52
0.20 6.76 6.25 6.30 6.40 6.50
0.07 6.41 6.00 6.00 6.10 6.20

ment with the static theory (Fig. 4). The orientation of the crystal-
lites depends on the manufacturing processes and is not necessarily
constant over the substrate. The anisotropy in alumina substrates
can be inconvenient, especially when used for circuits comprising
narrow-band filters and when experimentally verifying theories.
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The Green’s Function for Poisson’s Equation
in a Two-Dielectric Region

ANTONIO F. pos SANTOS axp VICTOR R. VIEIRA

Abstract—The validity of the reciprocity relation satisfied by the
Green’s function for Poisson’s equation in a two-dielectric region is
briefly discussed.

INTRODUCTION

In calculating the parameters of a stripline by variational tech-
niques it is often necessary to determine first a Green’s function for
the two-dimensional Poisson’s equation in the region bounded by the
two conductors [1], [2]. Contrary to the case of a single dielectric
[2], the symmetry properties of the Green’s function in a two-dielec-
tric region do not appear to have been dealt with in the literature.

The aim of this short paper is to point out that the reciprocity
relation satisfied by the Green's function in the latter case is only
valid for a specific form of the right-hand side of the differential equa-
tion defining the Green’s function. Only the Green's function subject
to Dirichlet boundary conditions will be considered.

Manuscript received April 6, 1972; revised June 21, 1972,
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Fig. 1.

REcIPrROCITY RELATION

Let G(r, #y) be the function satisfying the following conditions in
the two-dielectric region 4 =.1,\UA4> (see Fig. 1):

1
VG = — —8(r — ro), re A (1a)
€
G =0, r&C (1b)
Glst =Gls (1c)
JG _ oG (1d
Von st Tom s )
where
92 92
2=
ox? dys

Applying the Green's identity [2] separately to regions 4, and
As, in which G and its first-order partial derivatives are continuous
with the only exception of the source point (r=rg), the following
equations are readily obtained:

1 Gy G,
— Gy ‘r:rl = f (Gl — =G —”_‘) dl (23.)
€1 s on o/ res™
1 G, G

— —Gilrary = — f (Gl G ——‘) dl (2b)
€ h o /res”

where (z: and G:denote G(r, r1) and G(r, rz), respectively. Substitution
of (1c) and (1d) into these equations yields the reciprocity relation

G(r, r2) = G(re, 71) 3)

which shows that the Green’s function is symmetric in its two argu-
ments. Examination of (2a) and (2b) shows, however, that if the
RHS of (la) is simply 6(r —ro), the reciprocity relation (3) no longer
holds. [n fact, it can be shown without much difficulty that in this
case, the function G is not the true Green’s function for Poisson’s
equation subject to the boundary conditions (1¢) and (1d).

Finally we note that in view of relation (3), to determine G com-
pletely it is sufficient to consider the case where the source point is
located in one of the two-dielectric regions, e.g., 4;.
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“Unfolding” the Lange Coupler
RAYMOND WAUGH anp DAVID LACOMBE

The broad-band microstrip quadrature coupler described by
Lange [1] is shown in Fig. 1(a). True quadrature coupling over an
octave is realized as a consequence of the interdigital coupling section
which compensates for even- and odd-mode phase velocity dispersion
over the wide frequency range. A power-split variation between the
direct and coupled ports, ports 3 and 4, respectively, in Fig. 1(a), of
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