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Effects of Various Suspended Mounting Schemes

on Mode Characteristics of Coupled Slotlines

Considering Conductor Thickness for

Wideband MIC Applications
Tongqing Wang and Ke

Abstract-Propagation characteristics of fundamental and

higher-order modes are determined in coupled slotlines

with three suspended mounting schemes (pedestal, groove,
inverse pedestal) for wideband applications of microwave and

millimeter-wave integrated circuits. The analysis is based on a
novel enhanced spectral domain approach (ESDA) that combines

essentially the conventional spectral domain technique with the

power conservation theorem. Numerical results, considering
also the influence of finite conductor thickness, are presented
for propagation constants and characteristic impedance of the
fundamental modes. Effects of different suspended mounting
schemes on cutoff frequencies of first higher-order even and odd
modes are discussed in detail. Field profiles of the fundamental
modes in coupled slotlines with and without pedestals are shown.

The inherent mechanism of mode transition is explained with

respect to different pedestal sizes, indicating that the monomode

bandwidth can be extended by appropriately choosing the

dimension of pedestal in coupled slotlines.

I. INTRODUCTION

OVER the last decade, coplanar-type transmission lines

have widely been used in microwave and millimeter-

wave hybrid and monolithic integrated circuits as an alterna-

tive to microstrip lines. Parallelly, various slotlines including

coupled geometry become fundamental transmission media

in miniature planar MIC’s. Compared to the microstrip line,

the main advantages of these lines are that they allow easy

implementation of active and passive devices both in series

and shunt connections, thereby eliminating the need for via

holes and thin substrate, and thus simplifying the fabrication

process, as well as permitting direct on-wafer measurements.

It is also possible to reduces the parasitic inductance due to

the grounded three-terminal devices. In addition, it offers low

dispersion and additional degree of freedom for a wide range

of characteristic impedance [1], [2].

Coplanar waveguide is considered as a special coupled

slotline in which the odd mode (with respect to the currents on

two side planes) is suppressed. Recent theoretical investigation

on coplanar structures is essentially focused on propaga-
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Fig. 1. Coupled slotlines with various suspended mountings: (a) pedestal;
(b) groove; and (c) inverse pedestal.

tion characteristics and discontinuities [2]–[6]. In practice, a

coplanar microwave and millimeter-wave integrated circuit is

usually placed on a metallic plane for mechanical support, thus

forming a conductor-backed topology. This structure suffers

from potential problem of leakage and mode conversion due to

interaction among various modes [7], [8]. Apart from causing

an energy loss of the fundamental mode, the leaky power

may be coupled with other parts of the circuit, producing

some unexpected electrical effects. Electrical performance of

the conductor-backed coplanar waveguides (CBCPW’S) has

been studied by a number of researchers. An integral equation

technique was used to determine the possible mode conversion

at the open end in finite-width CBCPW’s [9]. High-order

modes profiles for the CBCPW’s with bilaterally shielded via-

holes were shown and the possible monomode bandwidth was

assessed theoretically and confirmed experimentally in [10].

Resonant phenomena in CBCPW’s have been also analyzed

theoretically and experimentally in [11]. These drawbacks,

which deteriorate electrical performance of the CPW structures

at higher frequency, can be eliminated by suspended mounting
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Fig. 2. Generalized coupled slotline with septum.

in a shielded rectangular box. In suspended coplanar struc-

ture, however, the mounting grooves are usually required. As

pointed out in [12]–[14], the structure with mounting grooves

has some intrinsic disadvantages. The mounting grooves make

the monomode bandwidth significantly decreased. On the other

hand, electrical isolation and grounding are affected due to the

split housing. The precise machining of the housing is needed

to ensure that the dielectric is properly supported. Note that

this kind of structure is not well suited for applications in

today’s fast developed MMIC technology because the GaAs

substrate is relatively thin and fragile.

In order to preserve the advantages of the housing and

overcome these shortcomings, two novel mounting strategies

with pedestal and inverse pedestal are proposed in this paper

as shown in Fig. 1. From the viewpoint of numerical analysis,

a general structure illustrated in Fig. 2 is considered. In order

to increase certain degree of freedom in design aspects, the

septum located at the other side of substrate is introduced.

Obviously, the structure of Fig. 2 includes all three structures

of Fig. 1 that consider also the finite thickness of planar con-

ductors. The electrical effect of the finite conductor thickness

may be significant at millimeter-wave frequencies, which will

be incorporated in the following analysis.

The coupled slotline structure shown in Fig. 2 is quite
complicated. Therefore, accurate full-wave analysis of its

propagation characteristics is the key to its successful prac-

tical applications. Although different numerical techniques

for solving guided-wave characteristics of these structures

have recently been proposed, most of them usually present

a compromise between accuracy and efficiency of numerical

results as well as application range. In this work, a novel

enhanced spectral-domain approach is developed to determine

propagation characteristics of the structure as shown in Fig. 2.

Compared to the conventional and other modified SDA, the

proposed technique is more efficient in terms of analytical

effort and numerical accuracy. This is done by avoiding

usually lengthy derivation of the Green’s function matrix

for complex structures. In addition, this technique features

an independent choice of truncated spectral terms in each

subregion. Therefore, this method is in particular suitable for

the analysis of structures containing large ratio of lateral widths

in adjacent subregions. This is the unmatched advantage over

the mode-matching method in solving the same problems. The

method is general and easy to handle for programming.

In this paper, numerical results are presented for propagation

constants and characteristic impedance of the fundamental

modes. Effects of different suspended mounting schemes on

cutoff frequencies of first higher-order even- and odd-modes

are discussed. Field profiles are shown in an effort to under-

stand better the propagation mechanism of coupled slotlines

with pedestal. Mode transition in coupled slotlines against

different pedestal sizes is also explained in detail.

II. THEORY

The enhanced SDA is based on a strategy of combining

conventional SDA with power conservation theorem. More

precisely, tangential magnetic field at both boundaries of

each stratified subregion (homogeneous dielectric layer) can

be expressed in terms of its electric counterpart. On the

other hand, the boundary conditions at the interfaces are

satisfied by imposing power conservation theorem in the

space domain. A detailed description of the newly developed

method for analysis of generalized planar structures will

be presented somewhere else [15]. Therefore, only some

highlights are outlined here. At first, as usually done in

spectral domain analysis, all conductors are assumed to be

electrically perfect. In Fig. 2, the whole structure may be

divided into five homogeneous rectangular subregions which

are interconnected to each other and bounded by lateral

conducting walls. Electromagnetic fields in each subregion can

be expanded in the spectral domain, such as

and

{-

(2n - lJn for ev(~n-mode
& — a~

n— 2n7r
(3)

for odd-mode
a~

(n) refers to the spectral term; ai is the width of all possible

subregions (a, w, a + 2e, WI, b); and (i) stands for the sub-

regions (I, H, III, IV, V). Note that the even and odd field
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Fig. 3. Normalized propagation constants and characteristic impedance of
even- and odd-modes versus frequency for different metallization thickness
in coupled slotline: a = b = 1.55 mm, fzl + tl = hz = 1.44 mm, w = s =

0.2 mm, d = 0.22 mm, tz = e = c = O mm, Sr = 3.75, “o” stands for
the odd-mode.

expansions are only related to the subregions encompassing

the symmetric plan except the finite conductor thickness gaps

(II).

With the help of the conventional spectral-domain analysis,

two matrix equations which relate the tangential electric fields

to the magnetic counterparts at lower and upper boundary

apertures are obtained, such that

and

(4)

(5)

where the superscripts (–) and (+) denote the lower and upper

apertures.

In the space domain, the tangential electric and magnetic

fields should satisfy the boundary and continuity conditions

at interfac~s. On ~he basis of the complementary property

between Et and Jt at interfaces, the power conservation in

the

the

transverse direction should hold, which is determined by

following equation:

/ J(E; Xfi;”). dr= (Ef Xl?:”) .d$. (6)

Invoking Parseval’s theorem in (6) and substituting (4) and

(5) into (6), a set of linear homogeneous equations is derived.

Propagation constant ~ can be obtained simply through the

application of Galerkin’s technique.

In spectral domain analysis, the selection of basis function is

important in order to obtain effective numerical computation.

Following the work in [16], [17], the tangential electric fields

at interfaces in Fig. 2 are expanded in terms of the functions

t——. N

[

E=

Ez

for pedestal or septumin in which k. = 0.5 and 1 for the

even and odd modes, respectively. It should be noted that

the first term of E= in (7) and (8) for odd-mode is equal

to zero and it is not included in numerical computations.

However, it yields a better presentation for the number of basis

function considered in the analysis. Characteristic impedances

based on the voltage-power definition are calculated for design

consideration [18].

III. RESULTS

To examine the accuracy of the proposed method, Fig. 3

shows frequency-dependent normalized propagation constants

and characteristic impedance of both even- and odd-modes

for conventional coupled slotlines with different thickness

of metallization which denotes tl = 10, 50, and 100 ~m.

Our results promise a good agreement with those obtained in

[12] using the mode-matching method with conservation of

complex power technique. The results indicate that the met-

allization thickness has a significant effect on the propagation

characteristics of the fundamental modes.

Fig. 4 illustrates the effect of the mountings with and

without pedestal on the normalized propagation constant and

characteristic impedance for the even- and odd-modes as a

function of frequency in coupled slotline. It is observed that

the effect of choosing different mounting on the even-mode

is not significant. This can well be explained by the fact

that the field of the even-mode is mainly restricted around

the slot region. At low frequencies, the effect of the pedestal

mounting on even-mode is more visible than that of the inverse

pedestal. At higher frequencies beyond 22 GHz as shown

in the figure, the characteristic impedance of the pedestal
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Fig. 4. Dispersion characteristics and characteristic impedance in coupled
slotlirre with and without pedestafs: a = 4.318 mm, h ~ ==5.0 mm, hz = 5.1
mm, w=0.4rnm, s=0.2 mm, d= 0.5mm, t~=50pm, tZ= Omm,

e. = 9.8. (a) Even mode. (b) Odd mode.
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mounting is slightly higher than that of the inverse pedestal

mounting. This is because the field is more confined toward

the slot region with higher frequencies. As can be expected,

the effect of various mounting schemes on the odd-mode is
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Fig. 6. Effect of three suspended mountings on cutoff frequencies of the first

higher-order even- and odd-modes in coupled slotline: a = 1.55 mm, hl =
1.5 mm, hz = 1.33 mm, w = s = 0.2 mm, d = 0.22 mm, tl = 50 pm,
t2 = O mm, er = 3.75. (a) Even mode. (b) Odd mode.
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significant. At higher frequencies, the characteristic impedance

of the pedestal mounting is lower than that of its counterparts

while its normalized propagation cons tant is higher. This

phenomenon can also be attributed to the interaction among
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Fig. 9. Contour plot of Dg for the even-mode in a coupled slotline with
and without pedestals: the structure parameters and frequency is referred as
to Fig. 8.
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Fig. 10. Contour plot of E= for the even-mode in a coupled slotline with
and without pedestals: the structure parameters and frequency is referred as
to Fig. 8.
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Fig. 11. Contour plot of E. for the odd-mode in a coupled slotline with
and without pedestals: the structure parameters and frequency is referred as
to Fig. 8.
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and without pedestals: the structure parameters and frequency is referred as
to Fig. 8.
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various modes. For the pedestal mounting, such an interaction

is more pronounced, particularly when the distance between

pedestals is small.

Fig. 5 shows the effect of the suspended height on the cutoff

frequencies of first higher-order even- and odd-modes. As

the suspended height varies under the condition of hl + hz

= constant, the cutoff frequency of the first higher-order

even-mode slightly decrease while that of the odd-mode is

significantly affected and a maximum value of ~. = 96.6 GHz

is attained around hl = 1.5 mm that corresponds to the middle

of the shielded rectangular enclosure. In the coupled slotline,

the field of the odd-mode is spread over in the structure. The

influence of three mounting geometries on the first higher-

order even- and odd-modes is depicted in detail in Fig. 6.

The cutoff frequencies of the first higher-order even-mode

for the inverse pedestal and the groove mounting decrease as

the mounting sizes increase. However, the cutoff frequency

for the pedestal mounting increases at first and begins to

decrease around c = 0.12 mm. This may be explained by

the fact that, for a larger pedestal (small c), in addition to the

expected strong field concentration in slots, a certain portion

of the tangential electric field of the even-mode is also located

between the central conductor and the 90° edge of the pedestal

and thus increases overall capacitive effect similar to If-plane

ridge waveguide. However, this effect tends to be negative as

long as the distance between pedestals becomes small. This

is because the normal (vertical) electric field appears to be

dominant over its tangential counterpart. As a result, there is

an optimum choice of the pedestal for wideband applications.

The effect of mounting geometries on the cutoff frequency

of the first higher odd-mode is significantly different from

that on its even counterpart. The cutoff frequency of the first

higher-order odd-mode for the inverse pedestal mounting is

insensitive to the mounting size. This is attributed to the fact

that the field of the odd-mode, though its loose distribution, is

mainly limited by a certain region that is related to the slots.

Fig. 7 shows dispersion characteristics of the normalized

propagation constant and characteristic impedance of the fun-

damental modes for a coupled slotline with both septum

and pedestal considering different metallization thickness. The

effect of the septum on propagation characteristics is similar to

pedestal in this case. It is found that, indeed, the compensation

due to the septum introduces an additional degrees of freedom

for design consideration.

To understand better the propagation mechanism and influ-

ence of pedestals on the fundamental modes, the electric field

contours are plotted in the whole cross-section. Figs. 8–10

show the effect of pedestal positions on the electric fields

in the case of the even-mode. It is vividly observed that

the field under the slots tends to be more compressed with

decreasing the distance between the pedestals. Nevertheless,

the field above the slots remains nearly unchanged. This clearly

indicates that the coplanar waveguide mode converts gradually

into a hybrid microstrip-coplanar waveguide mode. In practical

applications, it is therefore important that the field profile at

the launching probe or connector should be matched to the

desired mode, and the conventional concept on the impedance

matching is no longer complete for hybrid mode circuits. It

should be noted that the electric flux density Dv is plotted

instead of EY due to the field continuity condition for a better

presentation. In Fig. 10, it can be seen that 13z is negligible

compared to the other fields, confirming the validity of quasi-

static analysis at low frequencies. The field profiles for the

odd-mode are presented in the Figs. 11–13. This once again

confirms the above discussion that the odd-mode fields are

spread over the whole structure. Nevertheless, the fields around

the slot regions are still dominant. This fact indicates that

the effect of the inverse pedestal mounting scheme on the

characteristics of the odd-mode is insensitive.

IV. CONCLUSION

In this work, the coupled slotlines with various suspended

mounting geometries considering finite thickness of planar

conductors are analyzed by a recently developed enhanced

spectraLdomain method. Propagation characteristics and elec-

trical properties of coupled slotline are discussed in detail for

wideband applications and design consideration. Influences

and features in terms of different mounting schemes are

demonstrated for the normalized propagation constant, the

characteristic impedance and the cutoff frequency of the first

higher-order modes (the even- and odd-modes). The field

profiles of the fundamental modes in coupled slotline with

pedestals are plotted, The proposed enhanced SDA proves

to be a powerful technique to model a class of complex

planar structures, thereby offering efficient analysis and ac-

curate design of MIC’s for microwave and millimeter-wave

applications.
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