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A CAD-Oriented Analytical Model for the Losses

of General Asymmetric Coplanar Lines in

Hybrid and Monolithic MICS
Giovanni Ghione, Member-, IEEE

Abstract-New analytical approximations are derived for the

conductor losses of asymmetric colplanar wavegnides (ACPW)
and coplanar striplines (ACPS) on a finite-thickness dielectric
substrate. The expressions hold for lines whose metaltizations
have thickness much smaller than the slot and strip widths, but

suitably larger than the skin penetration depth at the operating
frequency. The derivation is based on an extension of the con for-
mal mapping approach formerly proposed by Owyang and Wu

[21] for symmetric lines in air. Comparisons with published data

from quasistatic or full-wave numerical analyses are presented

to validate the expressions derived for both the symmetric and

the asymmetric case. The analytical characterization presented in

the paper is well suited for inclusion into CAD codes for MMIC
design.

I. INTRODUCTION

T.

lHE MICROSTRIP and the coplanar approach [15], [20]

have emerged during the last decade as two alternative

approaches to the design of (monolithic) microwave integrated

circuits [(M) MICS]. Coplanar (M)MICS have found signifi-

cant applications, mainly in the area of low-power circuits;

moreover, coplanar lines have also been exploited in electro-

optical modulators [1]. The interest towards coplanar (M)MICS

has fostered the development of CAD-oriented models and,

in particular, of analytical approximations for the quasi-TEM

parameters of coplauar lines in several configurations (for a

review, see [14, Ch. 13] and [10]).

Although the conductor losses of coplanar lines have been

evaluated numerically through quasistatic [12], [18] of full-
wave [17] methods, analytical expressions for the conductor

attenuation have been proposed only for symmetric lines. The

first analytical model for the conductor losses of symmetric

coplanar lines (in air) was published in 1958 by Owyang

and Wu [21], well, before the pioneering paper by Wen [24]

from which the recent history of coplanar lines in MICS

originates. In 1979, a different analytical approximation, based

on the incremental inductance rule [25], was independently

proposed by Gupta, Garg, and Bahl [11], while in 1983

the present author exploited in [7] a trivial extension of

Owyang and Wu’s formula to diellectric-supported symmetric

coplanar lines, also correcting a misprint in the final result of
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[21], where the conductor attenuation is wrong by a factor 2

(see [21,(21)]). A corrected version of Owyang and Wu’s
formula also appears in Hoffmann’s book in MICS [14]. To

the author’s knowledge, no extension to asymmetric lines

has been presented so far, nor have the available expressions

for symmetric lines been validated against the experiment or

results from other numerical analysis techniques.

The purpose of the present paper is to develop CAD-

oriented, analytical approximations for the conductor attenua-

tion of general, asymmetric coplanar lines. These expressions

are derived through an extension of the conformal mapping

technique originally applied by Owyang and Wu [21], and

hold for lines with metallization thickness much smaller than

the strip and slot widths, and in the hypothesis of fully

developed skin effect, i.e., when the surface resistance concept

appliesl. The structures considered are shown in Fig. l(a)

(asymmetric coplanar waveguide, ACPW) and in Fig. l(b)

(asymmetric coplanar stripline, ACPS). The ACPW with one

lateral ground plane (ACPW1), shown in Fig. l(c), is a limiting

case of both the ACPW and the ACPS. Since the attenua-

tion of dielectric-supported quasi-TEM lines depends on the

effective permittivity of the line, the paper also provides

a review of this parameter for the structures of interest.

Comparisons are carried out on data available from the lit-

erature [3], [5], [12], [17], [18] for both the symmetric and the

asymmetric case.

The paper is structured as follows. Section II, is devoted

to the conformal-mapping analysis of the conductor losses

of asymmetric coplanar lines in vacuo. Since the analytical

treatment involved is rather cumbersome, all results relevant

from an applicative standpoint are reported in Section III,

where the losses of dielectric-supported lines are discussed.

For the asymmetric coplanar waveguide this requires a sepa-

rate treatment for the effective perrnittivity of the symmetric

line, of the general asymmetric line, and of the line with a

single lateral ground plane, while for the asymmetric coplanar

stripline a unified treatment can be carried out. Throughout

Section III comparisons are presented to validate the relevant

expressions.

1A low-frequency limit to the attenuation can be derived, see eg. [5], from

the per-unit length dc resistance of the line, which is easily approximated
from the geometry. Suitable transition functions can be exploited to blend the
low- and high-frequency behavior.
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Fig. 1. (a) Asymmetric coplanar waveguide (ACPW): b~ = Si + w/2, w =
2a. (b) Asymmetric coplanar stripline (ACPS): ZU = w~ + s/2, s = 2a.

(c) Asymmetric coplanar waveguide with one lateral ground plane (ACPWI):
b=s+wJ2, w= 2a.

II. EVALUATING THE LOSSES OF ASYMMETRIC

COPLANAR LINES

In order to evaluate the conductor losses, in vacuo coplanar

lines will be considered, since the current density distribution,

and therefore the power dissipated in the metallization, is not

influenced, at least in the quasi-TEM approximation, by the

presence of dielectric layers (see eg. [2] and the references

therein). From the in vacuo parameters (phase velocity co x

3 x 108 cm/s, characteristic impedance Zco and conductor

attenuation aCo) the corresponding parameters Vf, ZC, ~. of

the dielectric-supported lines can be derived through the line

effective permittivity Ceff according to the following well-

known expressions:

1

“f=aco
(1)

1

‘c= e “0
(2)

ac = accl~. (3)

Moreover, from the effective permittivity the attenuation due

to dielectric losses ad can be expressed according to Welch

and Pratt’s approach (see e.g. [22]).

The conductor losses are usually evaluated in the skin-

effect approximation by means of the incremental inductance

rule [25]. This technique requires an explicit expression of

the line inductance as a function of the line thickness t;

asymptotic approximations can be often obtained for t + O,

and the correction with respect to the ideal case t = O is

sometimes expressed via the equivalent line width (see eg.

[14]). For coplanar lines, a rigorous asymptotic approximation

for the thick-line correction is not easily obtained; approximate

expressions (see [11] for the symmetric case), though accurate

enough when evaluating the line impedance, may fail to

provide acceptable values when differentiated with respect to

t,as required by the incremental inductance rule. Owyang and

Wu’s technique [21] circumvents this difficulty by directly

evaluating the power dissipated in the line through a conformal

mapping approximation of the current density of the finite-

thickness structure. In the present paper, this approach is

extended to the asymmetric case, although the same result

could have been obtained, with a slightly greater analytical

effort, through the incremental inductance rule.

The analysis of the asymmetric coplanar waveguide

(ACPW, Fig. l(a)) and the asymmetric coplanar stripline

(ACPS, Fig. l(b)) in vacuo will be performed according to the

following steps. First, the characteristic parameters of the two

structures with zero metallization thickness will be obtained

by conformal mapping; then, the conductor attenuation of the

ACPS and then of the ACPW will be derived by extending

to asymmetric structures the approximate conformal mapping

technique described in [21].

A. The Characteristic Parameters of Zero-Thickness

Asymmetric Lines in Vacuo

For both the ACPW and the ACPS let us denote the z

coordinates of the strip or ground plane edges, from left to

right, as .z1,zj, .Z3,2A. The per-unit-length capacitance of the

line can be evaluated by introducing the Schwarz–Christoffel

mapping w(z) which transforms the upper part of the z plane

(Fig. 2(a)) into the interior of the rectangle in the w plane, as

shown in Fig. 2(b). The mapping reads:

/

z

=A
1

,0 /(z, - Z)(Z2 - .z)(.z, - Z)(.z’, - z)
dz (4)

where A is an (arbitrary) scale factor. The length of the sides

of the rectangle in the w plane are:

Iw(.z,) - w(.z4)/ = IW(22) - ‘w(q)l

-1/“’* dz—., d.z

2—

/(2. - ZZ)(.z, - Z,)
K(k’) (5)

Iw(,z,) - W(.z,)l = Iw(,z,) - W(,z,)l
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Fig. 2. Conformal mapping for zero-thickness ACPS. (a) Original z-plane.

(b) Transformed w-plane.

= @- .:)(.3_~.) ‘(~) (6)

where K is the complete elliptic integral of the first kind, and

the arguments k and kl read

/

~ = (2, -.2’, )(.2, -z,)

(Z, – Z,)(2, - .q)
(7)

Therefore the per-unit-length in wzcuo capacitances of the two

asymmetric lines are

C:cpw = 260
\w(.z,) -la= ~co K(k)

Iw(.z,) - Ifl(’z,)l K(k’)
(9)

@cps = 2Q
l+,) - 10(.24)[ = Zco K(k’) ~10)

IW(Z2) - IL@)l K(k)

where co is the in vacuo permittivit y. Taking into account that

the per-unit-length inductance of the line is L = l/(c~co),

where co k the in vacuo per-unit-length capacitance, the

characteristic impedance in vacuo ZCO = _ is, for the

two structures

K(k’)
.@jcpw = fx)~~—

K(k)

zACPS _ fj~r ‘(k)
co — K(k’) “

(11)

(12)

B. The Conductor Losses of Finite-Thickness Lines in Vacuo

We shall first consider in detail in Section II-B-1 the case

of the ACPS; the treatment of the ACPW, which is fully

analogous, will be summarized in Section II-B-2. If the met-

allization thickness is suitably larger than the skin penetration

depth, the attenuation due to conductor losses can be given

the well-known expression [4]

(13)

where R$ is the surface resistance, I the total rms current

carried by the line, J, the longitudinal current density on the

line, ‘y the conductor periphery. For the sake of brevity, the

line integral in (13) will be referred to as the loss factor.

Before evaluating the loss factor for the ACPS and ACPW,

the current density must be normalized. In lines with thin

metallizations, this can be (approximately) done on the zero

thickness structure, for which

J(z) = +7 1

/(z, - 2’)(2, - 2)(2, - Z)(Z* - 2)
(14)

for both the ACPS and the ACPW; ~ is a normalization

constant, taken as positive. For the ACPW, the current density

is zero on the intervals [zl, ,Z2] and [.z3,.z4] and takes opposite

signs on the central strip and lateral ground planes, while for

the complementary ACPS the current density is zero on the

intervals [– co, Zl], [,z2,Z3], [24, co] and takes opposite signs

on the two strips. Integration of J on the central strip (for the

ACPW) or on either strips (for the ACPS) yields

4jACPW
—.

/(z, - 22)(Z3 - 2,)
K(k’) (15)

~ACPS = z

/
‘2 \J[\d.zl

~1

4fA@s——
/(z, - .z,)(.z, - 2,)

K(k) . (16)

The factor 2 accounts for the current flowing on the upper and

lower sides of metallizations. Thus, for both structures

960m~2

“012 = (2’, – Z2)(Z3 - z,)
K(k) K(k’) . (17)

This result will be used in the following analysis.

1) The conductor losses of the ACPS: To estimate the current

density on the finite-thickness structure a two-step conformal

mapping can be exploited, as done in [21] for a symmetric

CPS. The mapping, shown in Fig. 3, transforms the upper half

of the original structure (( plane) into the upper half of a zero-

thickness structure (z plane) and finally into the interior of a
rectangle (w plane).

The mapping w(z) is the same used for the zero-thickness

structure, while the mapping z(() can be obtained through the

Schwarz–Christoffel technique. Let us define

(: = G + ~~, i=l, ...,4 (18)
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Fig. 3. Conformal mapping for finite metallization thickness ACPS. (a) Orig-
inal ~-plane. (b) Intermediate z-plane (zero-thickness ACPS). (c) Transformed
w-plane.

where &, CZ,(s, C4 are the ( coordinates of the strip edges (see
Fig. 3) and, for expediency, the strip half-thickness ~ = t/2

is used instead of t.The images in the .z plane will be

.zi = z(~i), ,z~ = .z(((), where the mapping <(.z) is expres-

sed as

=B
‘ (Z! - .z)(zj - Z’)(Z4 - .z)(z’j - .2) dz ~19)

/{., (Z, - ‘2)( ’22 - z)(.z~ - .2)(.24 - .2)

and B is a scale factor.

The explicit determination of the mapping (19) is not needed

for further analysis according to Owyang and Wu’s technique,

at least in the thin strip approximation. If fact, for small ~

(i.e., if 7< I(z –<lI,T K I(s – (z[,7 < IC4 –(31), one has

<1 = <4><2 = (4,(3 = <4,(4 s <~ and thus Z1 % .zj, .Z2 w

.z~, X3 E zj, ,Z4 z .z~. Thus, with a proper choice of the scale

factor B, d</dz w 1 and therefore ( x z apart from a small
neighborhood of the strip edges. Therefore, if ( is not close to

the jth edge, one can set ~ – <j = z – Zj % z – Z$. To proceed

with the analysis, we only need to relate the strip thickness

in the original ~ plane to the differences z: –

in the transformed z plane. To this aim we

,z1 < z < .z~ and within the approximations

one has

z’2,i=l) ...,4,

notice that, for

outlined above,

(20)

Similar expressions hold for the other strip sides. Therefore,

by integrating (20) along the (half) strip side, one has

and similarly for the other strip sides, thereby leading to the

result

.2; – .Z1= 2T/r, .22— Z; = 2T/~> .2; – 23 = 2T/7r,

X4 – .2; = 2T/lr (22)

which will be exploited later on,

Evaluation of the loss factor: For the ACPS the loss factor

in (13) can be expressed as

!
lJ12dl = 2

(J
~: J2(OIM + /(4

)

~, J2(<)ld[l . (23)
7

The two integrals can be evaluated in the z plane as follows.

Let us express the current density through the uniform density

in the w plane ~Acps and the scale factors Idwfd.z I and

ld.z/d<l as [21]

(24)

where ~Acps is related through (16) to the total strip current,
and Idw/dz 1, Id</d.z \ are defined in (4) and (19), respectively.

Therefore one has

(25)

where P(z) is defined in (26) (see bottom of page).

The two integrals in the right-hand side of (25) can be

interpreted as the normalized loss factors for the left- and

right-hand strip, respectively. As shown in Appendix A, the

normalized loss factors can be approximated, for lines whose

P(z) =
1

/(2 - Zl)(z - Zj)(.z - Z2)(Z - ZQ(Z - Z3)(Z - .zj)(z - Z4)(Z - Zj) “
(26)
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mel,allizations have thickness much smaller than the slot and

strip widths, as

/

%2

P(.z)[cbl Lx
1

~1 (<2 - (1)((3 - (1)((4 - <1)

{[ 1}. log :.(<2 –(j) +m

+ (<2 - ~1)((3 - <2)(<4 - <2)

“{@[3~2~4+fi}1+————
([3 - <1)(<3 - (2)(~4 - (3)

()

, log 4-3 “- <2.—

(3 “- c1

1
+—

((4 - <1)(C4 - <2)(<4 - (3)

()

. log (4 “- 6

(4 “- (2 ‘
(27)

I

~4

P(z)ldzl =
1

~3 (C4 - <3)((4 - <2)(<4 - <1)

{[ 1}. log ;- ((4 – (3) + m

+ (<4 - (.3)(<3 - <2)(<3 - <1)

“{’og[%~’’)l+~}
1

+ (C4 - <2)((3 - <2)(<2 - (1)

()

. log 4-3 ‘- (2

(4 “- [2

1

+ ((4 -(1)((3 - (1)((2 -(1)

()

. log (4 ‘- 4-1

4-3 ‘- 4-1 ‘
(28)

respectively.

Attenuation: By substituting (27) and (28) into (25) the

overall loss factor is obtained. The conductor loss attenuation

of the ACPS can be derived from! (13) by expressing 2..12

according to (17), with the approximations % — zj x (i —

(j, i,j= l,..., 4. After elementary algebraic manipulations,

the ACPS attenuation can be put in the following convenient

form:

ACPS _ Rs
(zCo —

480rK(k)K(k?)

. [0((2 - (,, k) - 0((4 - (,,k’)

+ 0((3 – (2, k’)+ @((4 – (3, ~)] (29)

where

1
@((i –<J)~)=—

<i -(j

{[ 1}
27r((~ – (j)fi + ~

. log —
T

1}47r((t – <j)K +T

t

(30)

in which the strip thickness t has been again introduced.

2) The Conductor Losses of the ACPW: The treatment of

the ACPW is similar to the one of the ACPS. By use of the

same two-step conformal mapping method as for the ACPS,

the loss factor in (13) can now be expressed as

/
J2 dl =

7

(31)

On reducing the integration to the z plane, the following

integrals have to be evaluated:

/

~1

/

~3
P(,z)ldzl, P(z) ldzl,

/“
P(z)ldzl (32)

—cc ~2 ~4

where P(z) is again given by (26). Finally, one obtains for

the conductor loss attenuation of the ACPW the following

expression, which holds if the strip thickness is much smaller

than the slot widths I(z – cl I and 1<4– <3I and the strip width

1(3 - (2 I

ACPW _
aco —

R.

480TK(k)K(k’)

. [@((z- (,,!%) - @((, - <,, k’)

+ 0((3 – <Z, k’) + Q((4 – (3, k)] (33)

where @ is given again by (30). Comparison of (29) and (33)

reveals that, at least within the approximations exploited in

deriving such expressions, in vacuo complementary coplanar

lines, i.e., an ACPW and an ACPS having the same geometry,

have the same attenuation. This result is an obvious extension

of Owyang and Wu’s theory [21], in which the same property

is shown in hold for symmetric lines.

III. THE CONDUCTOR LOSSESOF DIELECTRIC-SUPPORTED

COPLANAR LINES

The conductor losses of dielectric-supported coplanar lines

also depend, according to (3), on the effective permittivity

of the line. For this parameter ax exact quasi-TEM expression

exists only for lines supported by semi-infinite dielectric layers

of relative permittivity G, for which eeff = (1 + cp)/2.

Approximations to the e.ff of symmetric coplanar lines sup-

ported by finite-extent dielectric substrates have been derived

[8], [14], [23] through the so-called method of superposition

of partial capacitances (see e.g. [14]). As a rule of thumb,

this approximation is satisfactory for symmetric lines when

the substrate thickness is larger than half of the overall lateral

extension of the line bl + b2 (see Fig. 1)2. For moderately

asymmetric lines, one may postulate a similar empirical rule,

thus requiring h > bw~~ where b~~~ = max(bl, bz). For

2This rather conservative estimate is based on the discussion presented in

[8].
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strongly asymmetric lines, e.g. for the ACPW1, it may be sur-

mised that the field lines crossing the narrower slot dominate

the effective permittivity, thereby leading to the requirement

h > bmin where bmin = rnin(bl, bz), which becomes h > b

for the ACPW1.

Concerning the asymmetric structures considered in the

paper, the partial capacitance approach can be implemented

exactly in terms of elliptic integrals for the symmetric coplanar

waveguide (CPW) [8], [14], [23], the ACPW with one lateral

ground plane (ACPWI) [14] and the general (symmetric

and asymmetric) ACPS [14]. For the general ACPW the

exact implementation leads to expressions in terms of hy -

perelliptic integrals, to be evaluated numerically [9], [19]. An

approximate expression for the effective permittivity of the

ACPW in terms of elliptic integrals was proposed in [6]. In

Section III–A, the expression in [6] is compared to the exact,

numerical implementation of the partial capacitance approach,

so as to identify, at least for GaAs substrates, the limits

of its applicability. Further comparisons with data derived

from numerical approaches suggest that, for the ACPW on

a finite-thickness dielectric substrate, the accuracy achieved

by the present analytical model, coupled to the expressions

of the effective permittivit y in [6], is likely to be adequate in

estimating the line losses and the characteristic impedance,

while for the effective permittivity the partial capacitance

approximation may be inadequate for the design of frequency-

selective components (eg. filtering sections, electro-optical

modulators).

A. General ACPW

From (33) and (3) the conductor loss attenuation for a

general dielectric-supported ACPW reads, in natural units

(Np/m):

Rs @&’w
~ACPW _—c

480mK(k)K(k’)

~ [@(bl - a,k) + @(b, - a,k)

+ @(2a, k’) – O(bl + bz, k’)] (34)

‘CPW is the effective permittivity of the line, K is thewhere Ceff

complete elliptic integral of the first kind, R. is the surface

resistance, @ is defined in (30), and the parameters k and k’

can be suitable expressed as a function of the geometrical

parameters of the line (see Fig. l(a)) as

i

2a(bl + bz)

k = (b, +a)(b2 +a)
(35)

k’.~~.
/

(bl - a)(b2 - a)

(bl + a)(b, + a) “
(36)

Equation (34) holds for lines in which the metallization is thin,

i.e., t is much smaller than the strip width w and the slot widths

S1 and S2 but suitably larger than the skin penetration depth.

This condition is verified in most low-loss lines for (M)MICS,

while MMIC interdigitated structures often have strip aspect

ratios of the order of the unity. Similarly, also in coplanar

lines for electro-optical modulators [1] the slot width is often

limited to a few pm in order to achieve satisfactory coupling

to the optical waveguide, and therefore metallizations cannot

be considered as thin.

The evaluation of the effective permittivity of asymmetric

coplanar waveguides on a finite-thickness dielectric substrate

was addressed in [6] through the partial capacitance approach.

However, the conformal mapping exploited therein to compute

the layer capacitances is approximate, and only yields the exact

result for symmetric lines, and in the limit

As + 1, h/(bl + b2) >0 (37)

where the offset parameter As is defined as

As= 1s1 ‘s21 = 1~1 -b21

bl+b2– 2a”
(38)

sl + S2

In this case, in fact, the width of either slot vanishes and

correspondingly the effective permittivity of the lower half-

space is dominated by the layer permittivity G-, thereby making
ACPW

cefi -+ (G + 1)/2. The approximation implicit in the

conformal mapping technique of [6] can be clearly seen in [6,

Fig. 2(a) and (b)], where a magnetic wall is introduced along

the negative imaginary axis on the interval [–j, –jco] by

transforming the bottom of the dielectric layer. The magnetic

wall can be removed without influencing the field lines, as

done in Fig. 2(c), only when its presence is already implicit

in the structure for symmetry, as in the symmetric CPW.

The effective permittivity which derives from the approxi-

mate conformal mapping of [6] can be expressed in a more

compact way than it was done in the original reference as

ACPW
Eefl

~ ~ + G. – 1 K(k;)K(k)

2 K(k2)K(k’)
(39)

where k2 is defined in (40), (see bottom of page), ,& =

m and k is defined in (35).

To estimate the accuracy of (39), the partial capacitance

technique has been implemented exactly through the partly

numerical conformal mapping method described in [9], [19]

and the effective permittivity of lines on GaAs substrates has

been computed as a function of the offset index As for several

values of the substrate thickness and central strip width. An

example of the behavior of the effective permittivity as a

function of the offset parameter for the two models is given in

Fig. 4. For GaAs substrates, the relative error of (39), which

increases with decreasing strip width, can be estimated to be

2 sinh(na/2h)[sinh( nb2/2h) + sinh(nbl/2h)]

[sinh(na/2h) + sinh(~bl/2h)][sinh(~a/2h) + sinh(~bz/2h)]
(40)
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Fig. 4. Example of behavior of the effective pennittivity of ACPW of
tinite-extent GaAs substrate (c, = 12.8) as a function of As, for narrow

(2a/(bI + bz) = 0.1) and wide (2a/(bl + bz) = 0.75) lines. The ratio

x = ~/(bI + b2) is: (1)—x = 1/8; (2)—x = 1/4; (3)—x = 1/2;
(4)—x = 1; (5)—x = 2. The continuous line is the exact implementation

of the partial capacitance approach (see text), the dotted line (39) [6].
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o 0.2 0.4 0.6 0.8 1

Offset index As
Fig. 5. Normalized conductor loss a. (As) /cYc (O) of ACPW on finite-extent
substrate ( Cr = 2.7) as a function of the offset index As, for several values

of the ratio w/ (s1 + sz ). The ratio between the conductor thickness and

the ground-to-ground spacing is t/(w + S1 +52) = 0.0083; the normalized

substrate thickness is h/( w + S1 + 52 ) = 0.5. Circles are from the quasi-static

numerical approach of [18] (see [18, Fig. 6(a), (b), (c)]); the continuous line
is from the present approach.

lower than 5% for any As on the useful impedance range (eg.

for 2a/(bl + b2) > 0.1) when the ratio between the substrate

thickness h and the total slot width bl + b2 is greater than 1/2.

Comparisons have been carried out with data on lossy

ACPWS on finite-thickness substrates derived in [18] through a

quasi-static approach and in [17] through a full-wave method;

in both analyses the strip thickness is accounted for when

evaluating the line impedance and effective permittivit y. In

Fig. 5 the behavior of the normalized conductor attenuation

from (34) as a function of the offset index is compared with

the results in [18] (34); the agreement found is good.
In Figs. 6,7, and 8 the quasi-static characterization of

the asymmetric coplanar waveguide on a finite-extent GaAs

substrate is compared with the full-wave results of [17]. In

c
110
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30

L ,

r% A Szjsl =2

d“
0s2/s1=1 ~ ‘“ I

t I I I I
20 ~~

o 0.05 0.1 0.15 0.2 0.25

Central strip width, mm

Fig. 6. Characteristic impedance of ACPW as a function of the central strip
width, for several values of the asymmetry parameter S1/ S2. The symbols are

data from [17], accounting for finite metallization thickness; the continuous

line is from the present approach (zero-thickness line). The substrate thickness
is h = 0:1 mm, the permittivity e, = 12.8; the spacing between the lateral

ground plane is bl + b2 = 0.3 mm; the metallization thickness is t= 3pm;
the frequency j = 60 GHz.

order to correctly appreciate this comparison, it should be

considered that in evaluating the line parameters a zero-’

thickness, quasi-static approximation has been used, while

the full-wave analysis is frequency dependent, and takes

into account the finite conductor thickness. Moreover, since

h/(bl + bz) = 1/3, the partial capacitance approach andl the

approximation of (39) are not expected to be overly accurate.

Indeed, although the qualitative trend of e,ff as a function

of the line asymmetry is preserve, see Fig. 7, tlhe quasi-static

approximation on the infinitely thin line fails to yield the fairly

complex functional dependence displayed by the results from

[17].3 Nevertheless, the effect of such discrepancies on the line

impedance is less significant, and a better agreement can be

seen in Fig. 6, although the results from [17] show a lower

value, presumably because of the effect of the finite-thickness

metallization. In order to separate the effect of the slightly

different quasi-static parameters from the effect of the line

loss per se, the total line attenuation has been plotted in Fig. 8

as a function of the line impedance. The agreement is fairly

good also for large asymmetries.

In conclusion, the expressions presented for the conductor

losses of the ACPW on finite-thickness substrates yield results

close to the ones derived from more accurate numerical

approaches. On the other hand, the use of (39) for the

effective permittivity should be restricted to thick substrates,

and is not expected to be accurate enough for the design of

frequency-selective components. Finally, since Z. depends on

C.R through a square root, its sensitivity the exact value of

eeff is somewhat lower. The satisfactory comparison presented
in [6] between the analytical approximation and experimental

data concerning lines on allumina substrates could suggest that,

since the approximate expression slightly overestimates the

3The exact implementation of the partial capacitance technique yields

slightly lower values of eeff but does not lead to a substantially different
behavior.
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Fig.7. Effective permittivity of ACPW as a function of the central strip
width, for several values of the asymmetry parameter s 1/ S2. The symbols are
data from [17], accounting for finite metallization thickness; the continuous
line is from the present approach (zero-thickness line). The substrate thickness

is h = 0.1 mm, thepermiftivity G. = 12.8; the spacing between the lateral
ground planes is b1+b2 =0.3 mm; themetallization thickness ist=3~m;

the frequency ~ = 60 GHz.
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Fig. 8. Total attenuation of ACPW as function of the line impedance, for

several values of the asymmetry parameter S1 /s2. The symbols are data from

[17]; the continuous line is from the present approach. The substrate thickness

is h = 0.1 mm, the permittivity e, = 12.8; the spacing between the lateral

ground planes is bl -1- bz = 0.3 mm, the frequency is ~ = 60 GHz, the
metallization thickness is t = 3pm, the loss tangent tan 6 = 0.0006. A

copper metallization was assumed.

effective permittivity, it partly compensates for the effect of

both the dispersion and the finite metallization thickness.

B. Symmetric CPW

For a symmetric coplanar waveguide supported by a di-

electric layer of thickness h one has bl = b2 = b. Taking
into account the following transformation rules for elliptic

integrals:

K-(k) = (1+ k.) K(k.) (41)

K(k’) = ~ K(kj)
.4

(42)

(43)

1(44)

for bl = b2 = b, k. = a/b the general expression for the

attenuation given in (34) can be shown to reduce to Owyang

and Wu’s formula [7], [14], [21], which is reported here for

completeness

.{:[K+M(8;;};;:))I

[(+; 7r+log
8mb(l – k.)

)1}t(l + k.) “

(45)

The effective permittivity can be approximated through an

exact application of the method of partial capacitances as

[8], [14], [23]

G. – 1 K(k~) K(kl)CPW=l / _—Eeff
2 K(k~) K(kj)

(46)

where

~ = sinh(ma/2h)

sinh(mb/2h)
(47)

and k~ = ~~.

In Fig. 9 the normalized attenuation derived from Owyang

and Wu’s formula (45) is compared to the results obtained by

Gopinath [12] through a quasi-static numerical approach, and

to the analytical approximation proposed by Gupta, and Bahl

[11]. The agreement between Owyang and Wu’s formula and

Gopinath’s results is good, while Gupta’s expression leads, to a

fairly higher attenuation for a/b >0.4, though presenting the

same qualitative behavior as a function of the line parameters.

Although both Owyang and Wu’s approach and Gupta, Garg,

and Bahl’s are consistent with the incremental inductance rule,

the behavior of the line impedance as a function of the line

thickness as postulated in [11] is based on an approximation

which may be not accurate enough when differentiated with

respect to the line thickness.

More recently, the evaluation of the attenuation of CPWS

has been addressed by Jackson [16] and by Kitazawa and Itoh

[17] through a full-wave technique; both approaches are based

on the surface resistance approximation. Fig. 10 shows the
total attenuation aC + ad of lines on a GaAs substrate as a

function of the line impedance, for several values of the total

slot width 2b. The agreement between the analytical approach

and the numerical results is particularly good for the data from

[17]. For the parameters in Fig. 10 the dielectric attenuation

is much lower than the conductor loss, though not completely

negligible.
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Fig. 9. Normalized attenuation for symmetric CPW as a function of a/&
comparison between (45) [21], Gopinatfr’s quasi-static numericaI approach

[12] and the analytical approximation of Gupta, Garg, and Bahl [11]. The
metallization thickness is t= 5pm [13] and 2b = 1.2 mm.

10 50 {]() 130 170

Characteristic impedance, Q
Fig. 10. Total loss of symmetric coplanar waveguide on finite-extend GaAs

substrate (.sr = 12.8, tad = 0.0006) as ii function of 2= for several values

of 2b, according to Jackson [16], Kitazawa and Itoh [17] and to (45) [21]. The

substrate thickness is h = 100pm, the metallization thickness t= 3pm; the

operating frequency is 60 GHz. For the surface resistivity the standard value
for cropper has been assumed (R, = 8.24 x 10–3 = Q, [14]).

C. ACPW with One Lateral Ground Plane

The conductor loss of the ACPW with one lateral ground

plane (ACPW1) can be derived from (34) by taking the limit
bl ~ co and letting b2 = b as

~ACPWI _
R. #~~w’

c
—

480zK(k~)K(k$) ~D(b – a>‘3) + @(2a, kj)]

(48)

where @ is given by (30) and

where 2a is the strip width, b – a the slot width.

(49)

(50)

20 60 100 140 180 220

Characteristic impedance, Q

Fig. 11. Conductor loss of asymmetric coplanar waveguide with one lateral
ground plane on semiinfinite GaAs substrate (6, = 12.8) as a function of the
characteristic impedance, for severaf values of the parameter w + .s (spacing

from strip edge to ground plane). The frequency is 20 GHz, and a 5pm thick

Copper metallization was considered.

Although the approximate approach of (39) fails in this

case, the partial capacitance technique can be now directly

applied, owing to the absence of one of the lateral ground

planes. The effective permittivity is expressed, according to

the partial capacitance approximation, as

Acpw, = ~ + c. – 1 K(ks)k(kj)
‘eff 2 K(kj)K(k4)

(51)

where

kd =
{

exp(2tra/h) – 1

exp[m(b + a)/h] – 1
(52)

k;+~= t=2iEF- “3)
The above expression is equivalent to the one in [14,

Section 13.4], but the parameters k4 and kj are expressed in

a somewhat simpler form.

The behavior of the conductor losses of the ACPW1 as a

function of the characteristic impedance is shown in Fig. 11

for several values of the strip-to-slot ratio. The removal of

one of the lateral ground planes leads to an increase of the

characteristics impedance, which in turn causes the impedance

for minimum losses to be around 60–70Q rather than around

500, as for the CPW on a GaAs substrate.

Asymmetric coplanar lines with one ground plane are com-

monly used in electro-optic modulators. Recent quasi-static

numerical analyses of the conductor losses of this structure

on a LiNb03 substrate can be found in [3], [5], where results

are presented on the skin-effect conductor attenuation as a

function of the gap and strip widths. The analyses of [3], [5]

accounts for the strip thickness, which plays a significant

influence on both the characteristic impedance and the effec-

tive permittivity. In particular, this last parameter becomes

geometry-dependent also for lines on semi-infinite substrates.

In Fig. 12, results taken from [3, Fig. 4] are compared with

the present analytical approximation of (48). While for the
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Gap widths, Km

Fig.12. Conductor loss of asymmetric coplanar waveguide with one lateral
ground plane on semiintinite I,iNb03 substrate (e. = =,611 = 28,

633 = AA) as a function of the gap width s, for several values of the strip
width w. The nominal frequency is 1 GHz, the strip thickness t= 3ym; an
ideal gold metallization has been assumed (Rs = 9.61 x 10–3 = Q
[14]). The continuous line is from the present approach, symbols are from the
thick-strip numerical approach of [3].

smallest gap widths the thin-strip approximation for the quasi-

static parameters fails, and the discrepancy between the two

approaches is significant, for larger gap and strip widths a

satisfactory agreement results .4 Similar remarks apply to a

comparison with the results presented in [5, Fig. 5(b)], which

is omitted for brevity.

D. General ACPS

For the ACPS, the partial capacitance technique is amenable

to an exact implementation in terms of complete elliptic

integrals. Therefore a unified set of expressions covers all

cases: symmetric coplanar stripline (CPS) and the ACPS with

finite-thickness or semi-infinite substrates. From the in vacuo

attenuation expressed in (29) and (3), one has for the ACPS

attenuation due to conductor losses, in natural units (Np/m):

R, +:;ps
~ACPS _

c—
480nK(k)K(k’)

. [@(bl - a,k) + @(b, - a,k)

+ @(2a, k’) – O(bl + b~, k’)] (54)

4In [3] analytical approximations are provided for the parameters of the
ACPWI with thick metallizations. These can be coupled to the present

approach for the 10SSevaluation so as to yield a far better agreement with
the results of [3, Fig. 4]. Since the thick case is of greater interest in the
analysis of optical modulators, details are omitted for brevity and will be
presented elsewhere.

where @ is given by (30) and k is defined in (35).

The effective permittivity e$~ps can be expressed, accord-

ing to the partial capacitance approximation, as

Acp~ _ ~ + G – 1 K(k) K(k&)
Cefi — —

2 K(k’)K(ks)
(55)

where k5 and k! are defined in (56), (57), respectively (see

bottom of page).

The aforementioned expressions for the effective permit-

tivity are equivalent to the expressions presented in [14,

Section 13.5]. For symmetric lines bl = b2 = b and the above

formulas can be reduced to equivalent forms [14], which are

not reported here for the sake of brevity, through the use of

(41) -(44).5

IV. CONCLUSIONS

CAD-oriented, analytical expressions have been proposed
for the conductor losses of general asymmetric coplanar lines.

The expressions hold for lines whose metallizations have

thickness much smaller than the slot and strip widths, but

suitably larger than the skin penetration depth at the operating

frequency. Comparisons with numerical results concerning

lines on 1OW-C. and GRAS substrates suggest that, at least

for thin lines and in the frequency range whereon the surface

resistance model applies, the expressions for the conductor

attenuation presented are accurate enough for design.

APPENDIX A

EVALUATION OF THE NORMALIZED Loss FACTOR

The normalized loss factor for the left-hand strip of an in

vacw ACPS, see (25), can be approximated by dividing the

integration interval in three parts, corresponding to the strip

(half) sides and to the strip top

Concerning the strip sides, suitable approximations lead

following results

(58)

to the

5The resulting expression for the effective permittivit of s mmetric lines
‘p~= .&w (we alsois different from the one adopted in [8], in which eefi

[11, Ch. 7]). For the substrate thicknesses for which the partial capacitance

approach holds, (55) in the symmetric case and the expression in [8] lead to
similar results.

{exp[2n(bl + a)/h] - exp[2~(bl - a)/h]}{exp[2fi(bl + b2)/h] - 1}

{exp[2n(bl + b2)/h] - exp[2n(bl - a)/h]}{exp[2rr(bl + a)/h] - 1}
(56)

k; = dl–k;. (57)
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while for the other integrals we have

——

‘n

(.2, - .z,)(,zg–.Z,)(Z4 - z,) ‘
(59)

1

(.2, - Z,)(.Z3- 2,)(2, - 2’2)

“/

4

‘% /(A(’4-‘) “
(z, - 2,)(2, : ,q)(,z, - ,q) “

(60)

The treatment of the strip top, corresponding to the interval

[z{, zj] is slightly more involved. Apart from two neighbor-

hood of points z~and .z~ of dimension cl and ~z, P(z) can be

approximated by taking .z — .zi x z — ,zj, i = 1, . . . . 4, as

J

z; +&l

[f’(z) - Q(.z)]ldzl %
1

(2’2 – 2,)(23 - Z,)(,z, – z,)2!

1 i

P(z) =
(z - Z,)(22 - Z)(Z3 - z)(z’t - z) = ‘(z) “ ’61) “i [p(z)_ Q(z)l,dzl ~

I

log 4

Z; —Ej (z, - 2,)(Z3 - .2,)(24 - z,) “Since we have assumed that the strip thickness is small with

respect to the strip width, we can take cl to be much smaller

than the strip width but suitably luger than Iz( – .z1I [21], and

similarly for C2. In this way, as shown below, the integral is

approximately independent of c,, i := 1,2. Taking into account,

(61), we can write

J

Z! —&~

+ [P(z) - Q(z)]ldzl
z: +Cl

+
/
‘L [~(Z) --Q(z)]ldzl . (62)

z; —’s2

The first integral in the right-hand side can now be evaluated

exactly as

/
‘4Q(z)ldzl =

1

(Z2 - Z,)(Z, - 2,)(2, - 2,)z:

()

Zj — .2’1
. log ~—

,z~— ’21

1

+ (Z2 – 2,)(.2, - 22)(24 - z,)

()

22 – z;
. log —

22 —~

1

+ (z, - 2,)(22- 23)(2, - z,)

()23 — z;
. log ——

23 — z;

1

+ (z, – Z,)(.z, - .22)(2, – z,)

()

,24 — z;
. log —— >

Z4 — z;
(63)

Similarly, one has

(66)

Finally

/

z~—Ez

[p(z) - Q(.z)][dzl % O. (67)
Z{+&l

This completes the evaluation of the strip top contribution

to the normalized loss factor, whose expression, omitted for

brevity, can be obtained by substituting (64), (66), (67), and

(63) into (62). By substituting the strip-top contribution and

(59), (60), into (58), the normalized loss factor for the left-hand

strip can be finally expressed as in (27), in which half thickness

T has been used instead of z; – Z1 and 22 – z; according to (18)
and the approximations Z3—Zj ~ <i —(j, i, .I’ = 1, . . “ , 4, have

been made. The treatment of the right-hand strip is similar,

and
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the final results is given in (28).
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