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Finite-Element Analysis of Generalized V- and
W-Shaped Edge and Broadside-Edge-Coupled
Shielded Microstrip Lines on
Anisotropic Medium

Yue Yan and Protap PramanicRenior Member, IEEE

Abstract—This paper presents detailed finite-element analysis the MMM and SDM) are powerful methods for analysis of
of generalized V- and W-shaped shielded microstrip lines in an transmission-line problems, but they do not lead to closed-form

anisotropic medium. The computed results show detailed quasi- onqytical equations for the final solution. Besides, their use in
static characteristics of the effective dielectric constant, character-

isticimpedance, and conductor loss of the lines. The broadside edgethe analysis of_conductqr Ioss_ln more gener_al transmls_sm_n-llne
coupled lines are proposed for the first time in this paper. Unlike Problems that involve dielectric medium anisotropy is limited.
the previous analysis based on the conformal mapping method, this Keeping in mind the availability of cheaper computing power
analysis takes into account the top walls and sidewalls, finite metal- than ever before, the finite-element method (FEM) and the

lization thickness, and dielectric anisotropy. The results presented finite-difference method (FDM) are the two most powerful
in this paper will considerable advance microwave-integrated-cir-

cuit technology using V- and W-shaped shielded microstrip lines. methods for analysis of shielded microstrip lines of any shape
with substrate anisotropy.

This paper presents detailed finite-element analyses of a
number of new types of V- and W-shaped shielded microstrip
|. INTRODUCTION lines with the sidewalls, top shield, finite metallization thick-
ness, and anisotropy of the dielectric substrate. It presents

Index Terms—Coupled lines, microstrips, transmission lines.

rec_ewe_d considerable a tt_entlc_)n n rT?'Crowave"n_teifnpedances, effective dielectric constants, and conductor
grated-circuit (MIC) and monolithic-microwave integrated-cir sses

cuit (MMIC) designs. Fig. 1(a)—(e) shows five possible types o
V- and W-shaped microshield lines. The broadside-edge-cou-
pled V-shaped shielded microstrip line and the multicoupled
W-shaped shielded microstrip lines are proposed by theThe characteristic impedances, effective dielectric constants,
authors. These new types of microstrip lines are consideraad conductor loss of microwave transmission lines can be
as evolutions form conventional microstrip lines and hawtetermined from the knowledge of the per-unit-length capac-
reduced radiation loss and electromagnetic coupling. Whiances of the structures corresponding to the various basic
compared with conventional microstrip or coplanar linesnodes. The per-unit-length capacitances of the lines can be
such lines have the ability to operate without the need fobtained by assuming the quasi-TEM mode and using the FEM
via holes or air bridges for ground equalization. In additioranalysis as follows.

those offer a wide range of characteristic impedance values.

Thus far, a few papers have reported quasi-static analysis ofA/- Brief Description of the FEM Approach

and W-shaped shielded microstrip line on isotropip substrateWe first consider a general microshield line with a mul-
[1}-[4]. These analyses u;ed the confqrmal mapping memf?gonductor in a finite number of discrete homogeneous
(CMM). Conductor loss in a conventional microstrip W""?’so/anisotropic dielectric regions, as shown in Fig. 2. The

analyzed by Wheeler [5] and Pucet al. [6], [7], where a coEductors can have any arbitrary shape and the enclosure, in

Il. THEORY

technique based on the incremental inductance rule was u eral, can have the mixed essential and normal boundary
The mode-matching me’FhOd. (MMM) af.‘d the spectral-doma nditions on it. The line is uniform along its longitudinal
method (SDM) are applied in the studies [8]-[10]. No dOUt{t;«)-axis

Based on a quasi-TEM model, the potential functioim the

) . . . regions satisfies the two-dimensional Laplace’s equation given
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Fig. 1. (a) V-shaped shielded microstrip line. (b) V-shaped coupled shielded microstrip line. (¢) W-shaped coupled shielded microstrip Isteapedl V-
broadside-edge-coupled shielded microstrip line. (e) W-shaped broadside-edge-coupled shielded microstrip line.

tensor of the regiory and have different values in-, y-, or where
z-directions as follows:
2 -2
€rzj Ewy; O Eraj =Eg;jCO8 0 + epjsin”6; (3a)
ler]; = €0 | ey;  Eyys 0 (2) ) )
0 0 ey Eyyj =E¢;Sin~0; + ;00870 (3¢)

Eayj =(Enj — €¢;)sind cost; (3b)
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where®; and®, are the potentials on conductors of interest.
The pertinent information regarding the propagation constant
and the characteristic impedance is obtained by repeated com-
putations ofC for different values ofp,, ®», and dielectric con-
stant tensofe,.],; of different regions.

In our approach to the solution of the problem of the
propagation parameters and the conductor losses in the V-
and W-shaped single and coupled microshield lines, the
unconventional structure and substrate anisotropy are the main
issues. The FEM deals with the microshield line by using the
appropriate boundary conditions on (1) directly, and finds the
Fig. 2. Generic cross section of microshield line with mixed conductors a&¢alar potential functio@ satisfying the (1). Thus, the problem

Conducting

Conducting Strip

Enclosure

dielectrics in conducting enclosure. of solving the propagation constants and conductor losses in
o _ the V- and W-shaped microshield lines is reduced to finding
as shown in Fig. 2. Expanding (1), we get the capacitances of the lines using (9).
aQ(Pj(xay) aQ(Pj(xvy) aQ(Pj(xvy) . . . ) A )
Coxj 53 25“’ij83; syyja—yQ = 0. B. Propagation Parameters in Shielded Microstrip Lines

(4) Once the per-unit-length capacitan€eof the transmission
Equation (4) is the basic and most general equation flie is determined, the characteristicimpedance is obtained from
computing microwave transmission-line characteristics [12]
anisotropic and nonhomogenous structures.

In FEM implementation, the problem region is divided into a - 1 )
large number of cells. We form the finite-element model for (1) C-v
by integrating over each mesh cell and applying the divergentge phase velocity of electromagnetic wave in the line em-
theorem to give bedded in a dielectric medium is determined frors ¢/, /ecx;

here,c is the free-space velocity of the electromagnetic wave
/ ([er]; V@) -nids = 0 (5)  ande.g is the effective dielectric constant of the line. If the di-

. ) ) electric medium is replaced by air, the characteristic impedance
wheren is the surface unit normal vector, adéis an element of the air-filled line can be obtained from

of length along the cell boundary. At the interface between the

(10)

jth and(j + 1)th cells, the surface normal terms are assumed to Za _ 1 (11)
be continuous. Therefore, Cec
([&]/,V@/,) h= ([57)]/,+1V¢/,+l) s 6 whereC* is the capacitance per unit length of the transmission
T ! ! line with dielectrics replaced by air. The effective dielectric con-
Since the sense @ is opposite from the two sides stant is computed from
b a C
/ [([Er]jvfbj) ﬁ} ds; = —/b [([Er]j+1V‘1>j+1) ﬁ} ds;jt1 felt = g (12)
’ (7)

and there is no net contribution to the total integral. o
Since the finite-element approximation interpolation reduc&s Conductor-Loss Coefficient

to the same function from both adjoining cellsjs continuous  The conductor loss of a microwave transmission line can be
across a cell interface. This means that the tangestitield characterized by using the attenuation constarfii1]. Cal-
is continuous across the interface, as required by electmadation ofa due to conductor loss is accomplished by using
statics. The natural boundary condition specifies the value Wheeler’s incremental inductance rule and numerical differen-
([er];V®;) - 7 at a boundary. Therefore, a surface charge caation [13]
be represented on internal or external boundary as a nonzeran implementation of Wheeler’s incremental inductance rule
“natural” (or “load”) boundary condition. In this case, theshows that the attenuation constant can be calculated by
interface condition is using the actual structure capacitari¢ea new capacitancg’

B calculated using the dimension of the structure altered by the

(D2~ Dy)-n=0. ®)  skin depthé, [14], as shown in Fig. 3, and as shown in

This proves that there is no need to “impose” the interface con- N
<—p> (13)
m

dition of electrostatics at material discontinuities. The condi- Ver f [1 _ <g>
where f is the operation frequency in gigahertz andis the

. = -
tion of continuous(D - #) and (E x #) are automatic. The ‘ "0.2998 c

dielectric constant of the homogeneous medium. Equation (13),
known as Perlow’s equation, applies to transmission lines with

per-unit-length capacitance can be written as [11]

e Ve[ dedy
(@2 — @1)?

C= )
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Fig. 3. Reduction of physical dimension by the skin defitfin an arbitrary  £jg 4. Characteristic impedances of V-shaped shielded microstrip line
calculated using the FEM and CMM; = d,.

microshield line.

homogeneous dielectric filling only. Therefore, we propose the

following generalization of (13):

Shielded Microstrip Line

20
o £
Qe =T Eeﬂ—0.2£98 ll - <ga ) <%) (14) éms ;

w12 T
wheree.s is the effective dielectric constant of the nonhomo- 2 L Y
geneous microwave transmission-line structdré,is the ca- =08 - wrp— FEM
pacitance of the air-filled microwave transmission line, &rd % Txiine
is the capacitance of the air-filled microwave transmission line F041 Experiment[15]
having the conductor dimension altered by the skin depth, as 0.0 ‘ ‘ ,
shown in Fig. 3. Henceforth, we will refer to (14) as the gener- 0 10 20 30 40
alized Perlow’s equation. Frequency (GHz)

Fig. 5. Total losses of shielded microstrip limg. = 12.9, tan § = 0.0003,
hy =2mm,h; =0.1mm,l = 1.2mm,w = 0.01 mm,oc = 4.1 x 107 S/m,

A. Verification of the Approach and Computer Codes Used andth = 0.003 mm.

The validity of the proposed approach has been established . . .
by comparing the computed results with those obtained by tAiY- Ve should mention at this point that the proposed general-
CMM and a commercial softwareln addition, if available, the 12€d eguation (14) does not depend on the geometry or the shape
computed results have been compared with experiment resuflsan inhomogeneous two-conductor line. Therefore, since it is

Consider the V-shaped shielded microshield line shown Yﬁl“d for an open microstrip line, it should be valid for any other
Fig. 1(a), wheres = 1 mm,th = 1/100 mm,! = 2 mm, €.
hiy = 3 mm, hy = w, 8§ = 30°, ande, = 2.55. This struc-
ture cannot be analyzed by the SDM because the substratg i
nonplanar. It has been analyzed by the CMM by Kwok and lan If the shielded microstrip line involves two coupled strips, it
[3]. However, CMM cannot take the finite metallization thick-supports two fundamental TEM modes. The simplest situation
ness into consideration. Consequently, loss calculation by coiithe strips are parallel coupled. Those can be either edge or
bining Wheeler’s incremental inductance rule and the CMM Ryoadside coupled. The two basic modes are called the even
not possible. Fig. 4 shows that the calculations of characteristigd odd modes. In the even mode, the two strip conductors are
impedance of V-shaped shielded microstrip line by our FERKcited with equal amplitudes and in-phase (both positive with
code and the CMM [3] are in excellent agreement. This also vagspect to the ground) potentials and in the odd mode, they are
idates the generality of the FEM for analysis of newly emergexcited with equal amplitudes, but with opposite phases (one
nonconventional microstrip lines. positive and the other negative respect to the ground).

To validate our proposed generalization of Perlow’s equa-We define two characteristic impedancésand Z,,, where
tion (14), we compare the attenuation constants of an open iifiie subscript ando refer to the even and the odd modes, respec-
crostrip line computed by our numerical implementation of tHévely. The even- and odd-mode impedances can be expressed in
generalized Perlow’s equation (14) with those computed by tigms of the corresponding line capacitances as
commercial software Txline and published experiment data [15] 1
in Fig. 5. The results agree very closely. Leoo =~

The verification presented in the above sections provides suf- ViV Ceollo

ficient evidence to support our method of analysis and its gen@fnere, andC, are the even- and the odd-mode capacitances

ITxline is a transmission-line analysis software based on the MMM. Applie‘aer'unit'length of edg_e'COUpled ”né_g andCg are the even-
Wave Research, San Diego, CA, 1998. and odd-mode capacitances per-unit-length of the edge-coupled

I1l. RESULTS AND DISCUSSIONS

SEdge-CoupIed Lines

(15)
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Fig. 6. (a) Characteristic impedances in the V-shaped coupled shielded line with isotropic and anisotropic substrate. (b) Effective diskactticicdhe
V-shaped coupled shielded microstrip line with isotropic and anisotropic substrate. (c) Conductor losses in the V-shaped coupled shiellé&btiogiviand
anisotropic substratef (= 20 GHz).

line when all dielectric materials are replaced by air. Similarl¥ig. 6(a)—(c), respectively. The subscriptanda correspond

the effective dielectric constants for the even and the odd mod&sthe isotropic(s,, = 2.55) and anisotropic,, = 2.44,

represented as.q. ande.q,, respectively, can be expressed im,,, = 2.38) substrates, respectively.

terms of the corresponding capacitances as The computed even-mode characteristic impedances are
much larger than the computed odd-mode impedances. Since

Eoffoc = % (16) there is little electric field in the dielectric medium in the
’ Ceo even mode, the even-mode characteristic impedance is larger
than the odd-mode characteristic impedance. In addition, the
For the coupled microwave transmission line, the conductor gl4d-mode impedance does not change considerably as the
tenuation can be computed by using the following generalizggy 5., increases. The dielectric anisotropy has very small
Perlow's equation: influence on characteristic impedance. The effective dielectric
, constant increases ag0.5w increases because a larger field
_ f l _ <Cg,o> <@) is concentrated in the substrate. The effect of the dielectric
Qe o = T4/Eeffe,0 1 (17) . . . .
0.2998 Cg, m anisotropy is not yet noticeable. The conductor loss is reduced
by approximately 0.4 dB/cm when the value of0.5w is
where the original values of capacitance are representélf py increased from 0.2 to 0.9 in the even mode. The odd-mode
and the new values are calculated using the dimension alteredbpductor loss has a peak valuecgf.5w = 0.5. When the
the skin depth are representedﬁy;. The effective dielectric value of¢/0.5w is larger or less than 0.5, the conductor loss
constants are representedsy. ands.q.,, where the subscripts is reduced. However, the even-mode conductor loss decreases
e ando stand for the even and the odd modes, respectively. monotonically with2¢/w.
Consider the V-shaped coupled shielded lines shown inThe W-shaped coupled shielded microstrip line is shown in
Fig. 1(b).w = 1 mm,th = 1/100 mm,! = 2mm, h, = 1 mm, Fig. 1(c), wherev = 1 mm, th = 1/100 mm,l =2 mm, hy =
h1 =3 mm, 8 = 30° a/c = 0.05, andb = 0.8(c — a) + a. 1mm,h;y =3 mm,a/c = 0.05, andb = 0.8(c — a) + a. The
The even- and the odd-mode characteristic impedanc@gé;shaped coupled shielded microstrip line is proposed by the
the effective dielectric constants and the conductor lossasthors. The flare angles of the W-shaped coupled shielded mi-
for an isotropic and an anisotropic substrates are showndrostrip line depend on the distance between the two strips. The
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Fig. 7. (a) Characteristic impedance of W-shaped coupled shielded microstrip line with isotropic and anisotropic substrates. (b) Effettivecisints
of W-shaped coupled shielded microstrip line with isotropic and anisotropic substrates. (c) Conductor losses of W-shaped coupled shielifetimaiaritist
isotropic and anisotropic substrates.

computed characteristic impedances, effective dielectric cqulanes of symmetry, i.epp’ andqq’. Either an electric wall or a

stants, and conductor losses of W-shaped coupled shielded limegnetic wall may exist at the symmetry planes depending on

are shown in Fig. 7(a)—(c), respectively. the type of excitation. The four modes can be defined [16] as
Comparing a W-shaped coupled structure with a V-shapéallows:

coupled structure (see Figs. 6 and 7), it can be seen that, eyen—even modéee): pp’ magnetic wall,gg magnetic

the dielectric shape influences the even-mode characteristic -

impedances and effective dielectric constants considerably.. eyen—odd modéeo): pp’ magnetic wallgq’ electric wall;

The even-mode characteristic impedance in W-shaped lines is. o4d—even modéve): pp’ electric wall,qq’ magnetic wall;

about 50% of the value in the V-shaped line for comparable . o4d—odd modéoo): pp’ electric wall,g¢’ electric wall.

metrical dimension. The even-m ffective dielectrj . . .
geomet ca dimensio he eve ode effect © deectJ[che characteristic impedances and effective dielectric constants
constant in the W-shaped line, on the other hand, is larger thafn

its V-shaped shielded microstrip lines counterpart. In the odd the four modes, under the quasi-static approximation, are

mode, the characteristic impedance almost keeps the s he " by

value in both structures. By comparing Fig. 6(b) with Fig. 7(b),
one can also notice this behavior in the effective dielectric

constant. Comparing Fig. 6(c) with Fig. 7(c), the conductor T — 1 (18)
loss in the V-shaped shielded microstrip line is much less than 2 ¢ |Ce C%

in the W-shaped microshield line in both the even and the odd .

modes. Conductor loss in the odd-mode coupled W-shaped C e

line is reduced ag/0.5w increases. However, the conductor i __ & (19)
loss in V-shaped coupled microshield line has a peak value at efteo (%,

c/0.5w = 0.5. effeo %

whereCe., Ceo, Coe, andC,,, are the line capacitances per unit
length of the structure for the four propagation modés, C2 ,

The proposed V- and W-shaped broadside-edge-coupled @i, andC¢, are the corresponding capacitances of the structure
croshield lines, shown in Fig. 1(d) and (e), combine both edgéen all dielectrics are replaced by air, ahid the velocity of
and broadside coupling. The four strips in this figure have twelectromagnetic wave in free space.

C. Broadside-Edge-Coupled Lines
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Fig. 8. (a) Effective dielectric constant as functions of air gap in V-shaped broadside-edge-coupled microshield line (see Fig. 1(d) for tivaleanaeteters).
(b) Effective dielectric constants as functions of air gap in W-shaped broadside-edge-coupled microshield line (see Fig. 1(e) for the geraratieat)p

For the broadside-edge-coupled microshield lines, (14) canFor a V-shaped broadside-edge-coupled microshield line,

be written as the separation air gap between the two substrates affect the
, effective dielectric constants in different ways, depending
Cee N on the mode of the broadside coupling. Asncreases, the

Qoo =T [E oo S 1—| 2% <_p> . (20) effective dielectric constant of the broadside even-mode
g \/ ﬁ 0.2998 ¢ m coupling (even—even and odd-even modes) decreases, but the

°e effective dielectric constant of broadside odd-mode coupling
The original values of capacitances are (the even—odd and odd—odd modes) increases. This behavior of
effective dielectric constant can also be seen in the W-shaped
oo structure [see Fig. 8(b)], but the increase and decrease are

82 reduced.

oo

) ) . The computed characteristic impedances of the V- and

skin depth, are given by plotted in Fig. 9(a) and (b) respectively. For the V-shaped
, structure [see Fig. 9(a)], the characteristic impedances of the
Cagg even—odd mode greatly depend on the separati@he amount
e of variation in characteristic impedance is about 30% over the
and the effective dielectric constants are 0.2 < s < 0.7 (mm) range. For the other modes, the amount

of variation is less than 10% in the same rangesofThe
characteristic impedances are affected by the edge coupling

£ offee
2&22 considerably. For edge even-mode couplings (even—even and
o even—odd modes), the characteristic impedances are twice
respectively. those of the edge odd-mode couplings (odd—even and odd—odd

The following calculations and discussions on V- anthodes) in V-shaped broadside-edge-coupled microshield
W-shaped broadside-edge-coupled microshield lines are babees. The W-shape substrate greatly reduces the characteristic
on the FEM method described and discussed above. Tihgpedance in W-shaped broadside-edge-coupled microshield
substrates are considered to be both isotrgpic= 10) and line. For a comparable set of geometrical dimensions, the
anisotropic §€,, = 9.4, g,y = 11.6). The sidewalls of the W-shaped broadside-edge-coupled microshield line has only
microshield line and the thickness of the strip conductors hawae-half the characteristic impedance of the V-shaped broad-
also been taken into consideration. The computed even—ev&de-edge-coupled microshield line in the edge even-mode
even—odd, odd—even, and odd—odd mode effective dielecicmupling.
constants of the V- and W-shaped broadside-edge-coupledrig. 10(a) and (b) shows the conductor losses in the V- and
microshield lines, in both isotropic and anisotropic substratés/-shaped broadside-edge-coupled microshield lines. The op-
are presented in Fig. 8(a) and (b). Subscrisda correspond eration frequencyf = 1.5 GHz. It is observed that the av-
to isotropic and anisotropic dielectric substrates, respectivetyage conductor losses in the V-shaped broadside-edge-coupled
The effective dielectric constants are presented as functioniroshield line are less than those in the W-shaped broad-
of the conductor strip separatienin the vertical direction, as side-edge-coupled line. For the V-shaped structure, the con-
shown in Fig. 1(d) and (e). ductor losses in the edge even-mode coupling are less than those
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Fig. 9. (a) Characteristic impedance of V-shaped broadside-edge-coupled microshield lines isotropic and anisotropic substrates. (Is}i€hapsetarice of
W-shaped broadside-edge-coupled microshield line on isotropic and anisotropic substrates.
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Fig. 10. (a) Conductor losses for the variations of mode and substrate for V-shaped broadside-edge-coupled shielded micrfstrid lin&Hz). (b) The
even- and the odd-mode conductor losses of W-shaped broadside-edge-coupled shielded microstrip lines on isotropic and anisotropi¢ suliskr&etz).

in the edge odd-mode coupling. However, for the W-shapsdhall on the odd-mode parameters in case of coupled lines. We
structure, the conductor losses in the edge even-mode coupliage also noted that substrate anisotropy has very little effect
are larger than those in the edge odd-mode coupling. The thidkthe conductor loss. Our analyses have shown that the V- and
ness of air layeg dose not influence the conductor loss considV/-shaped microshield lines offer flexibility in microwave-cir-
erably whens > 0.3 mm in both V- and W-shaped structuresuit designs. The shield substrate and shapes can be used to ad-
for the structural parameters shown in Fig. 1(d) and (e). justthe propagation parameters and the conductor losses as extra
parameters. These analysis results can be used in the design of

IV. CONCLUSION MICs and MMICs.
V- and W-shaped single and coupled microshield lines have REFERENCES
peen _StUd'e_d in this paper. The characteristic |mpedances, ef'fe(fl] N. Yuan, C. Ruan, and W. Lin, “Analytical analyses of V, elliptic, and cir-
tive dielectric constants, and conductor losses have been calcu- cular-shaped microshield transmission lind&EE Trans. Microwave
lated using the FEM. The results are compared with those ob-_ Theory Tech.vol. 42, pp. 855-858, May 1994. .
ined by the CMM. Th Vsi id h ff fth N. Yuan, C. Ruan, W. Lin, J. He, and C. He, “Coplanar coupled lines:
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