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TABLEI
TyPiCAL CHANGES IN n INDUCED BY VACUUM OPERATION (7 1S
IDEALITY FACTOR AT ATMOSPHERIC PRESSURE)

n_

"o

air pressure

open air 1
after 5 hrs. of .05 torr 0.66

air immersion

after 1 week of .05 torr 0.55

air jmmersion

Fig. 2 indicates barrier lowering due to the field is less in
vacuum. This is also readily understood in terms of desorption.
Adsorbed gas atoms are bonded rather weakly to the surface.
Because of the weak bonds, impurities contributed by them to the
semiconductor material are generally at shallow energy levels.
These surface population states are thus much more susceptible
to changes with bias. Fig. 2 is thus also consistent with the
concept of desorption.

The increased- barrier in vacuum would appear to be directly
responsible for the tunneling decrease [9]. Similar experimental
results were obtained with IN23B diodes.

As regards detection applications, it is also of interest to note
that, as the current approaches pure thermionic emission, equiva-
lent shot-noise temperature is known to decrease [9], thus increas-
ing the signal-to-noise ratio (SNR) even further. Furthermore, the
vacuum levels used in this study are quite modest. Desorption is
known to vary linearly with pressure [10]-[13].. Consequently,
further reductions in. pressure should increase the barrier height
still further. However, since barrier width also affects tunneling
probability, it does not necessarily follow that lowest ambient
pressure necessarily makes the diode more nearly ideal. No effort
was made to determine vacuum pressure at which SNR is opti-
mized.

This work indicates that conductivity, capacitance, and video
detection and mixing sensitivity can be noticeably affected by
surface effects such as changing ambient pressure. These should
be considered in high altitude and space applications, as well as
in packaging techniques.
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Effect of Inner Conductor Offset in a Coplanar
Waveguide

KOHIT KOSHIJI AND EIMEI SHU

Abstract —This paper reports on the effect of structural offset in a
coplanar waveguide on the characteristic impedance and line loss. This
effect can be an appreciable factor in designing highly precise circuits, such
as MIC’s using coplanar waveguide, or a coplanar-type standing-wave
detector.

‘The electric field over the cross section of the line is analyzed by
assuming a TEM mode of wave propagation, and solving a two-dimensional
Laplace’s equation by means of the successive over-relaxation method. In
the analysis, an approximate solution based on symmetry is employed.
Also, measurements are made. to confirm the results thus obtairied.

I INTRODUCTION

Coplanar waveguides are so composed as to make it especially
convenient for constructing nonreciprocal circuit elements using
magnetic substrates, as well as active circuit elements employing
transistors and diodes. _

Studies on the fundamental characteristics of coplanar wave-
guides have been made by C. P. Wen [1], T. Hatsuda [2], M. E.
Davis et al. [3], J. B. Knorr et al. [4], Y. Fujiki ez al. [5], and the
authors [6]-[8]. This paper reports on the effect of structural
offset in a coplanar waveguide on the line characteristics. This
effect constitutes an appreciable factor in designing highly precise
circuits, such as MIC’s using coplanar waveguide or a coplanar-
type standing-wave detector. In this report, changes in the char-
acteristic impedance and line losses as a result of offset are
evaluated by solving Laplace’s equation. Computer solution of
Laplace’s equation’ is conducted by means of the successive
over-relaxation method. Also, measurements are made to confirm
the results obtained. '

II. METHOD OF ANALYSIS

Fig. 1 shows the cross section of a coplanar waveguide, in
which the width of the inner conductor is denoted by 2w, the
spacings between the inner and the outer conductors by s; and
55, and the thickness of the conductors by 2¢. The conductors are
supported by a dielectric substrate of thickness d, relative pcrmit¥
tivity €,, and unit relative permeability.

The first step of .the analysis is to determine the electric field
over the cross section of the line. This problem can be reduced to
that of a two-d1mens1ona] static field if we assume a TEM mode
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Fig. 1. Cross section of the coplanar waveguide.

of wave propagation. In other words, the potential distribution is
a solution of Laplace’s equation in two dimensions. To give the
boundary values necessary for solving Laplace’s equation, a
shielding wall of zero potential is assumed. It is located suffi-
ciently far away from the most critical part of the line, that is,
near the gaps between the inner and outer conductors, so that it
does not appreciably affect the field distribution of the essential
line configuration shown in Fig. 1.

In order to give the measure of how much the inner conductor
is deviated from its center position, let us define the offset index
As of a coplanar waveguide as follows:

|s1— 55
As= s, 1)

With respect to the coplanar waveguide shown in Fig, 1, the
line parameters have been evaluated for the case in which As is
equal to zero (s5;==5,) [6]-[8]. In these papers, it is shown that,
because of symmetry in the line construction, fairly accurate
results can be obtained, with or without the substrate present,
even if the region of computation is limited to only a-quarter of
the line cross-sectional area.

Now, consider a case in which the inner conductor dewates to
the right or left, but with s; + 5,( = 2s) kept unchanged. In this
case, the line construction is no longer symmetrical with respect
to the y-axis. With respect to the x-axis, however, an approxi-
mate solution based on symmetry is possible as described in
papers [6]-[8]. The approximation consists in synthesizing one
solution with another. The first one is the half-region (above or
below the x-axis) solution for the substrate-free case (Fig. 2(a)),
and the second one is the solution in the same region obtained
for a lifte construction in which the substrate extends symmetri-
cally on both sides of the x-axis (Fig. 2(b)). It has been shown in
papers [6], [8] that this approximation is sufficiently accurate for
practical purposes.

In order to carry out computation by the successive over-
relaxation method, the upper-half or lower-half region in Fig. 1 is
divided into small sections with 257 X129 mesh points. Unit
potential and zero potential are assigned to the inner and outer

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-32, NO. 10, OCTOBER 1984

TABLEI
PARAMETERS USED IN CALCULATION
Number of 257 x 129 321 x 57
mesh points (subdivided)
Number of. divisions 20 80
in the "w+s" section
w/s From 0.25 to 4.0
t/(w+s) Fron 0 to 0.2
a/{w+s) Fron 0 to 1.6
€p 1.0, 2.7

conductors, respectively, as the boundary values. As for the
boundaries along the x-axis between the inner and outer conduc-
tors, it is not necessary to assign specific potentials along them
because they lie on the axis of symmetry and the potential can be
evaluated from those at the adjacent points.

Next, in regard to all these points, the relaxation process is
repeated until the sum total of amounts of correction at all points
as a result of a single relaxation process reduces to 10> or less.
Then, part of the region thus analyzed (containing 81 X 15 mesh
points), which includes the inner conductor, part of the outer
conductor and the gap between them, is further divided into
muth smaller sections with 321X 57 mesh points, so that the
mesh spacing reduces to one fourth that of the original section. In
this subdivided region, for which the boundary values can be
obtained from the result of the previous computation, the relaxa-
tion process stated above is again repeated until the sum total of
amounts of correction at all points as a result of a single
relaxation process reduces to 107> or less. The last state thus
attained is regarded as the true potential distribution. From the
potential distribution determined in this way, it is possible to
obtain line parameters, such as characteristic impedance and the
dielectric and conductor losses [6]-[8]. In Table I, the dimensions
of the line constructions analyzed and the permittivity of the
substrates used are listed.

III. REesurLts OF CALCULATION AND MEASUREMENT

Figs. 3, 4, and 5 show typical examples, respectively, of the
characteristic impedance, conductor loss, and dielectric loss, all
calculated for the case of zero offset [6]-[8]. In Fig. 4, a, is the
conductor loss per unit length in nepers per meter, Rs the surface
resistance of the conductor, and ¢ the length per section when
the actual length of w + s is divided into 20 equal sections. In
Fig. 5, a, is the dielectric loss per unit length in nepers per
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Fig. 2.

(a) First solution, (b) second solution, and (¢) synthesized solution.
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Fig. 4. Attenuation constant a, due to conductor loss for nonoffset line.
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Fig. 5. Attenuation constant a  due to dielectric loss for nonoffset line.

meter, w the angular frequency, ¢, the permittivity of free space,
and tan§ the dielectric loss tangent of the substrate used.

To estimate the line loss using graphs such as Figs. 4 and 3,
first determine structural parameters ¢, w, s, and d, as well as
material parameters Rs, €,, and tand with a given value of
angular frequency . Then, read the ordinate of the graph
corresponding to w/s. The value of ordinate thus obtained is
multiplied by Rs /¢ to give «, (Fig. 4), or multiplied by we, tand
to give «, (Fig. 5), £ being equal to (w + 5),/20.
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TABLE I
COMPARISON WITH THE RESULTS OF PAPER [3]

a/(w+s)=0.5 Er=190.0 w/s=1,0 As =0
Authors M. E. Davis, et al,.{3]
Relative phase 0.49 0,48
velocity
Characteristic 58.9 57.7
inpedance
d/(w+s)=1,5 €r=10.0 w/s=1,0 As=0
Authors M. E. Davis, et al.[3]
Relative phase 0,44 0.43
velocity
Characteristic 52,3 52.4
inpedance

Table II shows, for the nonoffset case, characteristic imped-
ances obtained by means of the approximation computation
stated in this paper, as compared with those based on paper [6).

Fig. 6(a), (b), and (c) shows characteristic impedance Zy,
conductor loss a,, and dielectric loss a,, as a function of offset
index As, respectively. Here Z,, a,, and a, are all normalized by
their corresponding values for tlE nonoffset case. In all these
figures, characteristic impedance Z,, is seen to be decreasing with
increasing value of As. This is because, as As increases, the gap
on one side of the inner conductor gets narrower while the gap on
the other side widens, and the increase in capacitance on one side
more than compensates for the decrease on the other, thus
making the overall capacitance tend to increase. On the other
hand, conductor loss tends to increase with increasing value of
As, because the line current is unequally divided between the two
sides of the inner conductor. As for dielectric loss, variation with
As is not so remarkable, as in the case of characteristic imped-
ance or conductor loss. This is due to the fact that the ratio of the
amount of electric fluxes passing through the substrate-filled
region to those passing through the substrate-free region is almost
fixed, irrespective of the amount of offset.

Figs. 7 and 8 show characteristic impedance and line loss,
respectively, measured for a number of coplanar waveguides of
different offset indices. As it is rather difficult to make coplanar
IC’s of practical size, all measurements were made for waveguides
of enlarged dimensions and similar configurations. In all of the
waveguides we made, 2w + s; + 5, has a fixed value of 6.0 mm.

As shown in Fig. 7, the measured value of characteristic
impedance is found to be within 10 percent of the calculated
value for 0 < As < 0.8.

In Fig. 8, which shows results of measurement of the overall
attenuation constant a, + a,, the relative error of the measured
values as compared with the calculated value is found to be less
than 11 percent. However, trend of variation of line loss with As
is rather indistinct.

The above measurements were all carried out by the method
described in the literature [6]-{8].

To interpret the results of our calculation in terms of the actual
dimensions of an MIC, for example, consider a coplanar wave-
guide in which s;=5,=50 pm, w=50 pm, =2 pm, €,=2.7,
and d = 50 pm. If we assume that the inner conductor is deviated
to the right or left by 5 pm, or 0.1 in terms of offset index, then
the characteristic impedance will be reduced by about 0.5 per-
cent. In other words, in order to keep the error in characteristic
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Fig. 6. Characteristic impedance and line losses as a function of offset index.
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Fig. 7. Characteristic impedance obtained from measurement.
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Fig. 8. Overall line loss obtained from measurement.

impedance within 0.5 percent, mechanical precision must be so
high as to keep the amount of inner conductor offset less than
about 5 pm.
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