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Fast, Accurate and Simple Approximate Analytic
Formulas for Calculating the Parameters of
Supported Coplanar Waveguides

| for M)MIC’s

Said S. Bedair, Senior Member, IEEE, and Ingo WOIff , Fellow, IEEE

Abstract—Fast, accurate, and simple approximate analytic
formulas are presented for calculating the quasi-static-TEM
parameters of supported coplanar waveguide structures
(SCPW?’s). These include, the open, covered as well as dielec-
tric over-layed SCPW’s. These formulas have been designed
for use in (M)MIC’s-CAD programs and are only valid when-
ever the supporting material is of lower permittivity. Compre-
hensive comparisons have been made by using a rigorous spec-
tral-domain hybrid mode analysis. Accuracy is found to be
better than 1 percent for most of the operating range of phys-
ical dimensions and available dielectric materials (¢, = 1 to 20).
Numerical results are also presented in order to investigate the
properties of different SCPW structures.

I. INTRODUCTION

OPLANAR waveguides (CPW’s) have received con-

siderable attention due to several advantages offered
over conventional microstrips especially for monolithic
microwave integrated circuits (MMIC’s) applications on
GaAs substrates. Most of these efforts have been directed
towards the obtaining of design parameters by either us-
ing available numerical methods, for example [1]-[12] or
by deriving closed form expressions [13]-[20]. Some ef-
fort has also been made to investigate various considera-
tions in the use of CPW’s for (M)MIC’s [21]~[27] even
up to the millimeter-wave frequencies [21]. CPW is,
often, considered to have free space above and below the
dielectric substrate as shown in Fig. 1(a). This configu-
ration has not beéen found suitable for GaAs (M)MIC’s,
where the GaAs substrate is typically thin and fragile,
therefore it should be mounted on .another material in or-
der to increase its mechanical strength. One (already sug-
gested and used) solution is to mount the GaAs substrate
directly on a ¢conducting backed ground plane (Fig. 1(b)).

In this case, the ground plane will support the fragile sub- -

strate, thus increasing both the mechanical strength as well
as the average power handling capacity of the structure.
The resulting structure has been investigated thoroughly
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Fig. 1. Conventional and suggested supported CPW structures. (a) Con-
ventional. (b) With direct backed ground plane: (c) With finite thickness .
supporting material and backed ground plane. (d) With infinitely thick sup-
porting material. ‘

and some analytic formulas are also available, e.g., [5],
[13], [14], {171, [18].

It has been pointed out lately [21], [27] that there are
some undesirable effects on the CPW behavior of the
structure due to the presence of the microstrip mode in the
presence of the backed ground plane. This mode can be
easily suppréssed by increasing the substrate thickness.
However, this is not always possible, especially in
(M)MIC’s applications where semiconductor substrates
are usually thin. A better solution is to mount the thin and
fragile semiconductor substrate on a low-permittivity ma-
terial such as quartz and then mount the entire assembly

‘on a ground plane [21] (Flg l(c)) Arnéther and even bet-

ter solution is to grow a high quality GaAs layer on Si
substrate and then mount the entire assembly on a ground
plane [24] (Fig. 1(c)). In this case, the quartz or Si sub-
strate will support the fragile GaAs substrate, thus im-
proving both the mechanical strength as well as the av-
erage power handling capability of the structure. In both
cases the presence of supportirig dielectric material under
the main substrate will enhance the effect of the microstrip
mode [22]. Hence, the backed ground-plane should be

‘placed far enough such that the consideration of this effect

can be ignored (Fig. 1(d)). In order to assess in the com-
puter-aided design of such structures, fast, accurate and
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Fig. 2. Supported coplanar waveguide structures to be analyzed. (a) Open supported coplanar waveguide (SCPW1). (b) Covered
supported coplanar waveguide (SCPW2). (c) Overlayed supported coplanar waveguide (SCPW3).

simple analytic formulas for the quasi-static-TEM param-
eters of these structures will be derived in this paper.
Open, covered and dielectric overlayed SCPW’s config-
urations (Fig. 2(a)-(c), respectively) are considered.

II. ANALYSIS OF VARIOUS SUPPORTED CPW’s

Three supported structures will be considered here;
these are:

1) The open supported CPW (Fig. 2(a)) with dielectric
material (e, ;) below the main dielectric substrate (¢, ,, 4,),
while the space above the coplanar strips can be either
filled with another dielectric (e,3) or air.

2) The covered supported CPW, which is similar to the
open CPW except that there is a metallic top-cover placed
above the coplanar strips at a distance h3;. The space be-
tween the main substrate and the top-cover can also be
filled by either another dielectric (e, ) or air (Fig. 2(b)).

3) The third configuration is shown in Fig. 2(c). It con-
sist of four layres: The main substrate (¢,,, #,), the sup-
porting dielectric (e, ), the overlayed dielectric (e, 4, /4)
as well as another dielectric material (¢,3) or air. For the
sake of brevity, these structures will be referred to in what
follows as SCPW1, SCPW2, and SCPW3, respectively.

The approach used here is similar to that of [13]. It
starts with finding an exact expression for the character-
istic impedance Z§ (when replacing all dielectric materials
by air) as well as assuming an approximate expression for
the effective dielectric constant e.;. The second step is
then to evaluate the error in the assumed expression by
comparison with rigorous numerical results. If the differ-
ences are found to be very large, the assumed expression
is then improved by curve fitting to the rigorous numerical
results. These expressions may be written as

“ 1
Z= o M
where ¢, = 2.9979 - - - 10® m/s is the velocity of light
in vacuum, and C7 is the total capacitance of the structure
when replacing all dielectric materials by air, and,

€t = 16,1 + Go€n + G363 + quepq. 2

The above expression is limited to a SPCW of, at maxi-
mum, four dielectric layers with q,, ¢-, g3 and g, standing
for the filling factors of dielectric regions 1, 2, 3, and 4,
respectively. The value of the characteristic impedance in
the presence of the dielectric materials is then calculated
by using the following relation:
zs
Z, = . 3
0 \/-E—;f—f ( )
The expressions for the total capacitance C{ per unit
length as well as the filling factors g;, ¢», ¢3 and g, can
be obtained in terms of corresponding air filled basic ca-
pacitances per unit length.

In order to understand these basic capacitances, three
new air filled CPW structures are considered in Fig. 3(a)-
(c). These are corresponding to the original supported
CPW'’s shown in Fig. 2(a)—(c), respectively and are ob-
tained by replacing all dielectric interfaces in the original
structures of Fig. 2 by magnetic walls. With reference to
Fig. 3, four basic per unit length capacitances are defined
as C{, Cf;, Ciy and Ciy, representing the electric field in
the regions I, II, III, and IV, respectively. The expres-
sions for all these basic capacitances are available in lit-
erature [13]-[15]. These were obtained by conformal
mapping technique and can be rewritten, in accordance
with our physical dimensions, as follows:

Kk;)
“ =2 =110, II
C; €0 K& @ , II, III, and IV) )
where
w
k =
7w+ 2s

kH = sinh

aw [ . w(w + 2s5)
s (052
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Fig. 3. Corresponding air filled CPW’s. (a) SCPW1 correspondent. (b) SCPW?2 correspondent. (c) SCPW3 correspondent.'

with K(k) and K(k') as the complete elliptic integral of
the first kind and its complement, and k! = v1 — k2.

Accurate expressions for the ratio K(k)/K(k') are
available in [28]. These are given below:

%m 21 + vk) /1 — k)]

K®) 05<k*<1
K&k~ [ w/mpa + vey/a - ey ©
0.0 < k? < 0.5.

The value of the capacitance C; as well as the filling fac-
tors g; to g4 can be written in terms of the above values
of the basic capacitances. This will be made for each
structure separately, in accordance to their practical im-
portance, as follows.

A. Structure SCPW1

As shown in Fig. 2(a), the structure SCPW1 consists
of three layers only. Therefore g, = 0. With reference to
Figs. 2(a) and 3(a), the following exact values can be de-
termined:

ct =24,
= C{/C} = O

In order to form an idea about the Values of the filling
factors g; and g, let us first investigate an assumed but a
verified analytic formula for the effective dielectric con-
stant of the conventional CPW shown in Fig. 1(a) where
air exists above and below the main dielectric material.
This formula, which has been first assumed by Veyres and
Hanna [13] and then verified later by Ghione and Naldi
[15], can be written as function of our basic air filled ca-
pacitances as follows:

Ch

eeff—1+05(e,—l)c .
I

®)

But it can also be written as a function of the filling factor
of the main substrate g,, as follows:

- qm) + €G- (9)

A simple comparison between (8) and (9), shows that the
filling factor in this case is not a function of the relative
dielectric constant of the main substrate and is only a
function of the structure physical dimensions as follows:

Cu_ C
ct c
Since the assumption in (10) is verified for any air dielec-
tric interface, then we can propose that it may also be
valid for any other two dielectric interfaces (when replac-

ing the air under the main dielectric substrate by another
dielectric material). Therefore,

et = (1

gn = 0.5 (10)

@ = G (1D

It should be pointed out that the conclusion derived from
(10) is not generally correct, the filling factor should also
be a function of the type of dielectric interface. Accord-
ingly, the obtained value of the filling factor ¢, given by
(10) and (11) should be considered as an approximate
value and comparisons with rigorous numerical results is
required to find out whether further improvement is nec-
essary or not.

The value of the filling factor g, can then be determined
from the values of g; and g, given by (7), (10), and (11)
in the addition to the following well known relation,

Gt q+qg =1 (12)

The following value for the filling factor g; can be ob-
tained:

q = (C{ = Cp)/CY. (13)
The values of Z; and e.; of SCPW1 can then be calculated

by using (1) to (6) in association with (7), (10), (11), and
(13).
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B. Structure SCPW?2
Reference is made to Figs. 2(b) and 3(b). This structure

also consists of three layers, therefore g, = 0. The fol-
lowing exact relations can be obtained:

C? = C? + C711,

g3 = Cin/CY.

The same assumed values for ¢, and ¢, of (10), (11), and
(13) are used. The values of Z; and e, in this case, are
calculated by using (1) to (6), (10), (11), and (13). It
should be pointed out here that the value of C7 in this case
would be different from that in the case of SCPW1 and
which was given by (7).

(14)

C. Structure SCPW3

In this case, the reference is to Fig. 2(c) and 3(c), re-
spectively. The following exact relation can be obtained
C{ = 2C4. (15)

The following additional approximate expressions can be

also assumed in the same way which is followed in (8) to
(13):

9y = C?V/C?7

g = (C] — Cy)/CY. (16)
The same approximate values of (10), (11), and (13) for
g, and g,, are used. Z; and e are then calculated by (1)
to (6), (10), (11), (13), (15), and (16).

The conventional CPW, shown in Fig. 1(a), can be
considered as a limiting case for either SCPW1 (when both
€1 = €.3 = 1). In this case, the values of Z; and €. con-
verge to those of Veyres and Hanna [13].

Two assumptions have been made during the deriva-
tion. These are: The modeling of the two slots as mag-
netic walls as well as the assumed approximate values for
g, and ¢, in case of SCPW1 and SCPW2 in addition to
those of g3 and g, in case of SCPW3.

The assumption of modeling the two slots as magnetic
walls is always verified [19] in order to ensure proper be-
haviour of the structure as coplanar transmission line. The
assumed values of the filling factors are logical, moreover
they lead to the correct limits in the case of SCPW1 when
b 2> 0.h — ©o0re,; =6, =€, = 1. However, com-
prehensive comparisons with results from a rigorous spec-
tral domain hybrid mode analysis have had to be carried
out. These have proven the validity of the assumed ap-
proximate values of ¢, and ¢, in case of SCPW1 and
SCPW?2 in addition to g; and g4 in case of SCPW4 for a

wide range of physical dimensions and dielectric con-

stants. These have also shown that there is no need for
further improvements for the assumed expressions. Some
of these components and other results will be discussed in
the following section.

HI. NuMERICAL RESULTS

Numerical results will be presented in order to assess
for the validity of the derived expressions as well as for
investigating the properties of various SCPW configura-
tions. Design charts will not be supplied, since the high
speed computation formulas presented here can be pro-
grammed easily by the designers.

A. Results For the Assessment of the Validity of the
Presented Expressions

The first group of numerical results are presented in or-
der to assess for the validity of the presented formulas.
Comprehensive comparisons with the results which are
obtained by a rigorous spectral domain hybrid mode ap-
proach developed by Jansen [29], have shown that the ac-
curacy of the derived formulas is better than 1 percent for
most of the applicable range of physical dimensions used
in (M)MIC’s and available dielectric materials (1 < ¢, <
20). The accuracy decreases as the spacing between the
coplanar ground-planes (2b = w + 2s) increases, more-
over, it is more sensitive to the increase in the slot width
s than to a corresponding increase in the strip width w.
Some of these comparisons are displayed in Tables I and
11, respectively.

Table I shows comparisons with respect to the charac-
teristic impedance of the structure SCPW1 with 4, = 200
pm, €, = ¢,3 = 1 and ¢, = 2.25, 12.9, and 20.0, re-
spectively. It should be pointed out here and again that in
this case the presented expressions converge to those of
Veyres and Hanna [13]. It should also be pointed out that
Ghione and Naldi [19] have verified Veyres and Hanna’s
expressions but for a single dielectric material (¢,, = 10)
by comparison with the upper and lower values which are
obtained by spectral domain variational analysis. The
main purpose of Table I is then to extend the validity of
Veyres and Hanna’s assumption (this paper’s assumption)
for a wider range of dielectric materials (¢,, = 1 up to ¢,,
= 20).

Table II shows a similar comparison for SCPW1 but
with the presence of a supporting dielectric material and
€3 = 1. Three cases arc displayed, these are: GaAs (¢,

"= 12.9) supported by quartz (¢,; = 3.78), GaAs (¢,, =

12.9) supported by Alumina (¢,; = 10) as well as a hy-
pothetical substrate (e,, = 20) supported by Alumina (e,
= 10).

It should be pointed out here that the numerical calcu-
lations using the spectral-domain hybrid mode approach
have been carried out on a CONTROL DATA CYBER 76
computer, and the computing time for each point is found
to be equal to 0.5 s. The number of spectral terms are
truncated to 4000 and the dimensions of the enclosed
shielding box are selected to be as in Fig. 4, in order to
avoid the effect of both the top- and bottom-covers as well
as the lateral side walls. The substrate thickness is chosen
to be 200 pum and all presented calculations are made at a
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TABLE 1
COMPARISONS OF THE CHARACTERISTIC IMPEDANCES Z; (IN OHMS) OF THE CONVENTIONAL CPW WITH THE

RIGOROUS SPECTRAL DOMAIN TECHNIQUE AND FOR DIFFERENT DIELECTRIC SUBSTRATE MATERIALS AT LOW

FREQUENCIES (1 GHz)

This Paper Expressions ‘ Spectral Domain

a/b  b/um €, =20 €, = 12.9 €2 = 2.25 €, = 20 €, = 12.9 €9 = 2.25

50 54.49 67.95 140.75 55.76 68.28 141.40
0.2 170 57.52 70.29 142.86 57.52 70.27 142.97
’ 230 59.00 72.13 144.43 59.02 71.95 143.95
350 62.89 76.44 147.85 62.60 75.93 146.30
50 42.04 51.47 106.57 42.22 51.69 106.99
0.4 170 43.88 53.60 108.47 43.86 53.56 108.32
’ 230 45.28 55.21 109.82 45.20 55.05. 109.34
350 48.46 58.82 112.62 48.24 58.44 111.41
50 33.32 40.80 84.45 33.48 40.99 84.83
0.6 170 34.87 42.59 86.04 34.86 42.56 85.84
: 230 35.99 43.87 87.12 35.93 43.76 86.68
350 38.41 46.63 89.24 38.26 46.36 88.38
50 25.68 31.45 65.09 25.86 31.66 65.51
0.8 170 26.81 32.75 -~ 66.03 26.80 32.71 66.03
230 27.56 33.61 66.59 27.53 33.54 66.59

TABLE II

COMPARISONS OF THE CHARACTERISTIC IMPEDANCES Z; (IN OHMS) FOR THE OPEN SUPPORTED COPLANAR
WAVEGUIDE SCPW1 WITH A RIGOROUS SPECTRAL DOMAIN TECHNIQUE AND FOR DIFFERENT DIELECTRIC
INTERFACES AT Low FREQUENCIES (1 GHz)

This Paper Expressions Spectral Domain
€, =20 € = 12.9 €0 = 12.9 €, =20 €2 = 12.9 €0 = 12.9

s/um  w/um ¢, =10 e, = 378 ¢,=10 €. = 10 e, = 378 ¢,=10
20 45.51 55.96 55.91 45.85 56.37 56.33

60 33.24 40.90 40.79 33.38 41.08 40.98

20 120 27.68 34.11 -+ 33.90 27.12 34.16 33.96
200 24,52 30.30 29.98 24.50 30.28 29.92

800 19.01 23.73 22.60 18.83 23.72 22.47

20 61.82 76.09 75.84 62.01 76.32 76.09

60 45.81 56.46 56.07 45.83 56.50 56.14

60 120 37.73 46.62 46.01 "37.67 46.56 46.00
200 , 32.95 40.88 39.96 32.81 40.72 39.89

800 24.41 30.99 28.69 24.05 30.56 28.43

20 70.56 86.97 86.36 70.60 87.03 86.48

60 53.26 65.80 64.98 53.18 65.71 64.97

100 120 44.09 54.65 53.92 43.90 54.44 53.42
200 38.47 47.91 46.39 38 19 47.60 46.22

800 27.98 35.76 32.61 27.48 35.16 32.25

20 83.77 103.81 101.75 83.24 103.18 101.48

60 65.28 81.22 78.85 64.80 80.66 78.94

200 120 54.87 68.62 65.81 54 31 67.95 65.44
200 48.95 60.58 57.26 47.50 59.80 56.22

800 34.42 44.60 39.47 33.66 43.65 38.95

45

frequency 1 GHz in order to avoid the effect of frequency
dispersion. It should also be pointed out here that the
comparisons with respect to the characteristic impedance
would be sufficient and will automatically imply compar-
isons with respect to the effective dielectric constant.
From the foregoing comparisons, it is concluded that no
further improvements are required for the assumed values
of g, and g, in case of SCPW1 in addition to those of g5
and g, in the case of SCPW3.

B. Investigating the Properties of Various CPW
Configurations

This second group of numerical results are performed
in order to show the properties of the SCPW configura-
tions, SCPW1, SCPW2 and SCPW3, respectively.

It can be observed from Table II (¢,, = 12.9, ¢,; =
3.78) and (¢,, = 12.9, ¢,, = 10.0), respectively, that the
design parameters of the SCPW1 seem to be less sensitive
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Fig. 4. Dimensions settings of the shielding box for the spectral domain
calculations.

to changes in the permittivity of the supporting material.
Fig. 5 shows the variation of the characteristic impedance
of SCPW1 with the strip width w = 20 um to 800 um and
for two values of the slot width s = 20 pm and 200 um
for a SCPW1 whose main substrate is GaAs (h, = 200
pm and €,, = 12.9). The supporting dielectric material is
also chosen to be either air (¢,, = 1), quartz (¢,; = 3.78),
or alumina (e,; = 10.0). It can be seen from Fig. 5 that
the characteristic impedance of such a structure is less
sensitive to changes in the permittivity of the supporting
material for relatively small values of the ratio w/h, and
s/h,. However, the characteristic impedance becomes
more sensitive for larger values of either the ratios w/h,
and/or s /h,. Moreover, the effect is found to be higher
for the large values of the ratio s/h, than for a corre-
sponding value for the ratio w/#h,.

Many references have investigated the effect of the
presence of an overlayed dielectric layer on the charac-
teristics of CPW’s and hence there is no need to present
more data here. In general, it has been observed that the
presence of the overlayed dielectric material increases the
value of the effective dielectric constant while it decreases
the value of the characteristic impedance. The value of
€. also increases as the thickness of the overlayed mate-
rial increases and approaches the double of its value for
SCPW1 as the thickness approaches that of the main sub-
strate (i.e., i, = h,). The value of Z, decreases with the
increase of the thickness of the overlayed material until
approaching 0.7 of its value for SCPW1 as by = h,. It
has also been observed that the impedance curves are
overlapping, therefore, the same values for the character-
istic impedance can be obtained for different sets of values
of the physical dimensions of the structure SCPW3. This
is due to the combined effect of the physical dimensions
of the structure on the value of its characteristic imped-
ance. It should be pointed out that the accuracy of the
presented formulas for SCPW3 will deteriorate to 1.4 per-
cent, this is of course due to the fact that, in this case, we
used twice the approximation which is used in the case of
SCPW1.

140.0
120.0
100.0
T 80.0
")
€
S 600
NO
€0y = 1.0
L e.2=3.78
400 Le., =100 -
\ Erz2 = 10
ntrvam Pyre——— = D
20.0 s=20pm === =1(3).'(§8
0
0 200.0 400.0 600.0 800.0 10000
wikm) —e

Fig. 5. Effect of the presence of different supporting materials on the char-
acteristic impedance of SCPW1.

The effect of the presence of the top-cover as shown in
SCPW?2 has also been investigated. It has been observed
that the decrease of the height of the top-cover h; will
decrease both the values of the characteristic impedance
and the effective dielectric constant of SCPW2., The effect
of the presence of the top-cover decreases as the cover
height A5 increases until reaching a height at which this
effect can be ignored. This is usually called the critical
shield height and is defined as the height above which the
effect of the presence of the top-cover can be ignored. A
reasonable theoretical definition for a theoretical critical
shield height to ground plane separation A /b can be
found as the ratio corresponding to the height of the top-
cover h 3 above which the absolute difference between the
characteristic impedance of SCPW1 and SCPW?2 is less
than 0.1 percent. The variation of this ratio as function of
the strip width w = 10 pm to 400 pum and slot width s =
20 pm, 50 pm and 200 pm, is shown in Fig. 6. The main
substrate is again chosen as GaAs (¢,, = 12.9 and &, =
200 pm), the supporting material is quartz (¢,;, = 3.78)
and the space between the GaAs substrate and the top-
cover is filled with air. The presented formulas can either
be used to consider the effect of the top-cover on the per-
formance of a given covered SPCW circuit or to design
SCPW circuits in which the effect of the top cover can be
ignored.

Although the derived expressions are only rigorously
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Fig. 6. Variation of the critical shield height to ground plane separation
ratio k.3 /b as a function of the strip width w and for various slot widths.

See text for parameters.

TABLE 11
DISPERSION IN Zy AND €4 OF SUPPORTED CPW’s CALCULATED WITH A SPECTRAL DOMAIN TECHNIQUE [29]

s = 200 um and w = 120 um

s = 20 pm and w = 120 um

f/GHz Z,/Q AZy% Eorr Aes % Zy/9Q AZy% ot Aegy %
1 67.97 — 6.2932 — 34.16 — 6.8431 —
5 68.09 0.18 6.3014 0.05 34.17 0.03 6.8448 0.02
10 68.32 0.51 6.3210 0.17 34.19 0.09 6.8490 0.09
15 68.57 0.88 6.3481 0.35 34.20 0.12 6.8552 0.18
20 68.81 1.24 6.3816 0.56 34.22 0.18 6.8630 0.29
25 69.03 1.56 6.4208 0.80 34.23 0.20 6.8724 0.43
30 69.22 1.84 6.4651 1.08 34.24 0.23 6.8833 0.59
35 69.36 2.05 6.5141 1.39 34.24 0.23 6.8955 0.77
40 69.44 2.16 6.5675 1.73 34.23 0.20 6.9091 0.96
45 69.46 2.19 6.6248 2.08 34.22 0.18 6.9239 1.18
50 — — — - 34.20 0.12 6.9400 1.42
55 — — — — 34.16 0.00 6.9573 1.67
60 —_ — — — 34.12 -0.12 6.9758 1.94
65 — - — — 34.06 -0.29 6.9955 2.23

valid at zero frequency, our investigations by using the
spectral-domain technique in addition to the earlier inves-
tigations of Jackson [21] have demonstrated that they can
be used for the design of GaAs-(M)MIC’s up to a fre-
quency of 40 GHz. This is because the ground planes
spacing of these structures when used for MMIC’s appli-
cations are typically small and the electromagnetic field
is closely connected to the two slots at all frequencies if
the slot width is small and thus the dispersion of the quasi-
static TEM parameters is relatively small. Data obtained
by a rigorous spectral domain hybrid mode approach [29]
are presented in Table ITI. Two single CPWs are consid-
ered, both are deployed on GaAs substrate (e, = 12.9 and
thickness A, = 200 pm), while the whole structure is
mounted over quartz dielectric material of e, = 3.78. The
first CPW (of main strip width w = 120 um and slot width
s, = 200 pm) shows deviations at a frequency f = 45 GHz

in the characteristic impedance and the effective dielectric
constant by amounts of 2.19 and 2.08 percent, respec-
tively. While, the second CPW which has the same value
of strip width but with slot width s, = 20 um, shows de-
viations in the characteristic impedance and the effective
dielectric constant, at a frequency f = 65 GHz by amounts
of —0.29 and 2.23 percent, respectively.

IV. CONCLUSION

Fast and accurate analytic formulas have been pre-
sented for calculating the quasi-static TEM design param-
eters of open, covered and overlayed supported coplanar
waveguide (SCPW’s) structures, including the conven-
tional CPW with free space above and below the main
substrate as a special case. Comprehensive comparisons
between the results which are obtained by using the de-
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rived formulas on one hand, and those obtained by a rig-
orous spectral-domain hybrid mode analysis on the other
hand, have shown an excellent accuracy of better than one
percent for most of the practical ranges of physical di-
mensions. The formulas presetited here are about 5000
times faster than the rigorous analysis, hence they are es-
pecially applicable in CAD of (M)MIC design.
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