
1650 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 10, OCTOBER 1996

Finite Element Analysis of MMIC Waveguide

Structures with Anisotropic Substrates
Anastasis C. Polycarpou, Student Member, IEEE, Michael R. Lyons, Student Member, IEEE,

and Constantine A. Balanis, Fellow, IEEE

Abstract— This paper presents an extended finite element
formulation for a full-wave analysis of biaxial and transverse
plane electric and magnetic anisotropic materials with applica-

tion to monolithic microwave integrated circuits (MMIC’S). A
convenient formulation of the characteristic impedance based

on a power-voltage definition is developed using vector-based
finite elements. The resultant generalized eigenvalue problem is

solved using a numerically efficient algorithm based on a forward

iteration, taking full advantage of the sparsity of the involved
matrices. Numerical results are compared and agree well with
existing published data for various MMIC configurations. Two
specific coplanar waveguide structures, one with a conventional

and the other with a suspended substrate, are examined using
four common anisotropic materiids. Principal axis rotations of the

anisotropic substrates are also considered to improve dominant

mode dispersion characteristics and minimize higher order mode

interactions.

I. INTRODUCTION

A CCURATE prediction of the propagation characteristics

in planar structures using anisotropic substrate materials

is essential in the design of monolithic microwave integrated

circuits (MMIC’s) [1 ]–[5]. Since many substrate materials of

interest in microwave and millimeter wave applications exhibit

dielectric and/or magnetic anisotropies (such as sapphires,

ceramics, and ferrites), the effects due to variations in the

material parameters must be fully accounted for. Principal

axis rotations of an anisotropic substrate in MMIC’s can also

lead to significant variations in the effective dielectric constant

and characteristic impedance, especially at microwave and

millimeter wave frequencies, The dispersive characteristics of

coplanar waveguides (CPW’s) and other planar structures on

single and multilayer isotropic substrates have been exten-

sively analyzed in the literature [6]–[ 10]. To an extent, the

effects due to anisotropy have also been examined; however

primarily only for uniaxial and/or biaxial substrates [1], [3],

and [5]. Axis rotations in various planes, which introduces

off-diagonal elements in the permittivity and/or permeability

tensors. were also investigated [2] and [4].

Although quasistatic methods have been employed to ana-

lyze the dominant mode characteristics of CPW’S and other

planar structures on isotropic and anisotropic substrates, such
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techniques yield accurate results only at very low frequencies

[11]. More accurate frequency dependent solutions have been

obtained using full-wave analyzes such as the spectral domain

approach [2], [3], [10], and the finite element method [12].

While the spectral domain approach is a popular choice for

analyzing regular planar structures, the finite element method

is more versatile, since it is possible to model arbitrary

geometric and material complexities. When using the finite

element method, the domain of interest is discretized using

simple geometric shapes, such as triangles, where the fields

are approximated using linear or higher order basis functions.

Because of this, it is also relatively straightforward to compute

quantities of interest in MMIC transmission lines, such as total

power, voltage difference, and characteristic impedance. A

major drawback of the finite element method is the appearance

of nonphysical or spurious modes. However, these nonphysical

solutions to Maxwell’s equations, which appear when using

nodal-based finite elements, can be avoided using vector-

based finite elements [12]. In addition to imposing tangential

continuity of the electric and magnetic fields across element

boundaries, the vector finite elements, when implementing the

appropriate basis functions, also satisfy the divergence-free

condition. Using this type of element, the resulting numerical

solutions correspond to the correct physical modes of the

structure. Allocation of computer resources is also a major

concern when using the finite element method since such a

technique requires storage and manipulation of large sparse

systems. In this case. sparse linear solvers are usually more

suitable than direct solvers [13].

Until now, most finite element method formulations have

been used to analyze the propagation characteristics of

isotropic and biaxially anisotropic waveguides [ 12]–[ 14] with

explicit application to only isotropic microstrip structures

[12]. In this paper, an extended vector-based finite element

formulation for biaxial and transverse plane anisotropic

materials k presented and used to characterize shielded

CPW’s with four common anisotropic substrates: sapphire,

boron nitride, epsilam- 10, and PTFE cloth. A numerically

efficient algorithm for finding the largest eigenvalue and

eigenvector is presented based on a forward iteration approach.

Higher eigenpairs can be found using a Gram–Schmidt

orthogonalization process [15]. In addition, an explicit

formulation for calculating characteristic impedance applicable

to slot-like MMIC structures is given for linear triangular

finite elements. Numerical results are compared with existing
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published data to verify the finite element code. Two specific

structures, conventional (C-CPW) and suspended (S-CPW)

CPW’S, are also analyzed. The dominant and first four higher

order modes are examined as a function of substrate material

anisotropy and principal axis rotation. Contour plots for the

longitudinal fields of the dominant and first higher order modes

are also presented for both CPW structures. Visualization of

field concentration provides additional physical insight and

understanding of the behavior of each propagating mode.

II. THEORY

A. Eigen Problem Formulation

A full-wave analysis of shielded waveguide structures,

which incorporates both electric and magnetic anisotropic

materials, is described by

Vx(~~l.VxE)–k~~.E=O. (1)

The permittivity and permeability tensors are assumed to be

of the following form:

[1

ezz fxu
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The inverse of the permeability tensor is calculated using

symbolic manipulations of a 3 x 3 square matrix. It is also

assumed that there are no current sources in the domain of

interest and that the corresponding boundary conditions are

given by

h x E = O on an electric wall (2)

n x (V x E) = O on a magnetic wall, (3)

The representative variational functional for such a problem

can be expressed as

F’(E) = ;
//

[(V X E)~;l(V X E)* - k: E:, E*] dfl. (4)
a

Assuming that the dependence of the fields in the z-direction is

e–~ k Tz the functional can be written in terms of the transverse

and the longitudinal fields similar to [12]; i.e.,

F(E) = ~
//

[(Vi x Et)~r(Vt x E,)*
0

– k~(Et ~rE; + E= ~TE;)

+ (V,13. + jLEt) ET(V,EZ + jkzEt)*] dfl (5)

where Vt is the transverse del operator, Et is the transverse

component of the electric field, and E. is the longitudinal

component of the electric field. The tensor ~r, referred to as

the relative pseudo-permeability, has also been introduced and

is defined as

[

~$ –Pyz”o=pT=–~;y
1

p;z”~ . (6)

o 0 k?

If an isotropic permeability is assumed, the functional is

reduced to the one given in [12]. Referring to Fig. 1, these field

components can be subsequently expanded as a summation of

scalar and vector basis functions

et = kzEt
n

—

-x
N~e~% (7)

3=1

e: = –jEz

(8)
L=l

where n represents the number of degrees of freedom in each

element. The functional given in (5) can be discretized, using .

a procedure similar to [12] to obtain the following elemental

matrices:

[A;,];, = // [{vtxN:}T&,{VtxN;}
–;:{ N:} T:,{N;}] d~

= [%,],, – & [%]?, (9)

//
[~:tlz, = ~ {N;}T~T{N;} dfl

= [T;,] *,> where ?, ~ ~y (10)

//
[~;zlw = , ~ {N;} T~T{VtN;} dfl (11)

1/[~;tl~j = , ~ {vtN; }T!i{N;} do (12)

[B;z]Lj =
/7

[{ W:}Tfir{W;}

: &{ N:}%T{N;}] d~

= [%z],j - &[T:z]zl (13)

where i and j denote the row and column, respectively, of

the corresponding entry; the size of the elemental matrices is

n x n. Closed form expressions for the above matrices are

given explicitly, for the case of linear triangular elements, in

the Appendix. Although the derivation of these equations is

rather tedious and involved, their computer implementation

is straightforward. Following the assembly of all elements in

the finite element region, a generalized eigenvalue system is

formed

This can be solved using either a standard direct solver or an

iterative solver. The former usually results in the computation

of all the eigenvalues and eigenvectors of the matrix system.

However, in practice. only the first few dominant modes
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Fig. 2. Definition ofprincipal axis rotation forananisotropic substrate.

are desired; therefore, an iterative solver is usually more

appropriate.

To account for principal axis rotation of anisotropic sub-

strates, the permittivity tensor, :., needs to be modified ac-

cording to Fig. 2. Assuming that

for a biaxial substrate, the resulting permittivity tensor, ~., for

any angle of rotation 8 is given by

where

eZZ =CI cos2(f3)+e2 sin2 (0) (15)

CVV=EI sin2(0)+e2 cos2 (0) (16)

c=. =E3 (17)

Ezy =Eyz

= (CZ - e,) sin (d) cos (0). (18)

In this paper, the crystal lattice is rotated only from 0–90°.

B. Characteristic Impedance Formulation

After solving the eigenvalue problem given in (14) at each

frequency point, the propagation constant in the z-direction

and the corresponding normalized transverse and longitudinal

fields inside the structure can be obtained. Both the propa-

gation constant and the fields are needed for the calculation

of the characteristic impedance, Although the definition of

the characteristic impedance is not unique for inhomogeneous

waveguide structures, the voltage-power definition was chosen

for the present analysis. The corresponding expression is given

by [5]

(19)

where V is the voltage difference in the slot, Pi is the power

calculated in each element, P is the total power flowing in

the z-direction, and AJ is the number of finite elements in the

domain of interest. The elemental power Pi is given by the

Poynting vector

Pi=~Re [// Eix H;. &ds
A 1

~Re
= [11

(EZH; - E, H:) ds1 (20)
A

where the magnetic field components Hz and Hy are calcu-

lated directly from Maxwell’s equations; note that the expres-

sions for the electric field components are known in closed

form. The above integration is performed over the area of

each finite element.

Based on a linear triangular element formulation, where

the edges represent transverse fields and the nodes represent

longitudinal fields, the final expressions for the transverse com-

ponents of both the electric and magnetic fields are explicitly

given by

Ez(z, y) = Cl – c~y

Ev(z, y) =C3Z – C4

~z(3, y) ‘~Iy+~2%+~3

Hv(x, y) =DAy + D5Z + D6

where C1–4 and D1–6 are constants defined as

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)



POLYCARPOU et al.: FINITE ELEMENT ANALYSIS OF MMIC WAVEGUIDE STRUCTURES WITH ANISOTROPIC SUBSTRATES 1653
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( )1
5 LyLe~% (30)
izl

where xl and y, (i = 1, 2, 3) denote the coordinates of each

triangular element, 1, (i = 1, 2, 3) denote the lengths of the

individual edges, and A denotes the

element which is given by

A = ;{zlbl +z2b2 +

Also, the b,’s and c%’s are defined as

bl=yz–y~

b2=y3–yl

b3=y1–y2

C1=Z3— Z2

C2=Z1—$3

‘3 =X2 —xl.

area of the triangular

x3b3}. (31)

The integration in (20), over the area of

ment, can be evaluated very conveniently

coordinates.

the triangular ele-

using the simplex

In addition to calculating the total power flowing through

the waveguide structure at each frequency point, the voltage

difference in the slot, defined by

v=–
/

E.dl (32)
L

needs to be determined. Assuming that the slot lies horizon-

tally, the above integral can be simplified to

/

x.
v=– Ez dx (33)

xi

where $1 and XT are the left and right a-coordinates of the

slot. Since the slot is discretized into finite linear triangular

elements, the line integral has to be evaluated for each element

in the slot. The total voltage difference is given by

V=$K (34)
‘1=1

where lVs is the number of elements in the slot and V, is the

individual voltage difference. Using linear triangular elements,

this can be expressed as

+ (y2 – h)12et2 + (y3 – h)13et3] ( 35)

where x$ and x? are the limits of the voltage line integral

evaluated for each element in the slot, and h k the height of

the slot.

C. A Generalized Eigenvalue Solver

The solution of a generalized eigenvalue problem defined as

[iY]{x} = A[l!!f{%} (36)

can be computationally intensive and time demanding, es-

pecially as the number of unknowns increases. There are

various methods of solving for both the eigenvalues and

the corresponding eigenvectors. The simplest method is to

store both matrices in a full format and then use a direct

solver, like those available in EISPACK [16]. Such a solver

usually computes all the eigenvalues and eigenvectors of the

matrix system. This approach, however, is very inefficient both

in terms of computational time and memory requirements.

One of the most suitable methods for solving a general-

ized eigenvalue problem is the power iteration, otherwise

known as forward and inverse power iteration. Note that

the forward power iteration is used to estimate the largest

eigenvalues of the matrix system, whereas the inverse power

iteration is used to estimate the lowest eigenvalues. The major

advantages of using a power iteration are: first, speed-up

in computational time; second, complete utilization of the

sparsity of the matrices; third, computation of only a selected

number of eigenvalue/eigenvector pairs. As far as the latter

is concerned, it is important to realize that in analyzing

waveguide structures, only the most dominant modes are

significant; therefore, it is not necessary that all higher order

eigenvalues and eigenvectors be calculated. In addition, the

accuracy of the higher order eigenvalues and eigenvectors

deteriorates accordingly, which is another reason for not

calculating more than a few eigenmodes.

The results presented in this paper were obtained using a

forward power iteration method. The algorithm is quite simple

but very powerful. The major steps involved in the algorithm

are the following:

Step 1:

. Initialize a starting vector u(o) (other than the zero

vector).

● Set the iteration index k = O.

step 2:

● Increment the iteration index; k = k + 1.

Step 3:

● Determine a vector v(~–l) = ~ut~–l).

For efficiency, the multiplication of a matrix with a vector

can be carried out using a sparse format.

Step 4:

● Solve the linear system Al u[~) = v(~–l).
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Fig. 3. Dispersion curves for the dominant mode of a coupled micro strip lines on a boron nitride substrate (G ~ = 5.12, c,,,,
hl- = 1.5 “mm, w = LUl = 0.75 mm, and 2b = 8.5-mm. ‘

An efficient way to solve the above linear system is to use

a sparse LU solver, such as SPARSE 1.3a [17]. The advantage

of using such a solver is that the factorization of the AI

matrix needs to be performed only once; therefore, subsequent

iterations require only backward substitution which results in

significant speed-up of the algorithm. Other solvers, such as

the ones that use iterative techniques, are also appropriate since

the sparsity of the matrix can be utilized efficiently.

Step 5:

* Assign vt~l = ~u(~).

Step 6:

“ Estimate the largest eigenvalue using
~(~) = u*(~) v(~)/(u*(~)v(~-l)),

The symbol “*” denotes conjugate transpose.

Step 7:

* Normalize the corresponding eigenvector as follows:
~(~) = u(Q//u*(k)v(~-l).

Step 8:

0 Calculate the 2-norm of the residual:

Illlly) = 1111-u(~) - Mkfu(’)[1,.

* If IIRll ~) < tolerance ~ Exit the algorithm; otherwise,

go to Step 1.

As it was already mentioned, the above algorithm converges

to the largest eigenvalue, provided that the starting vector

does not coincide with one of the eigenvectors. In order to

be able to find higher order eigenvalues, the starting vector

has to be chosen from a space ill orthogonal to the already

calculated eigenvectors. Such an orthogonalization is well-

known as the Gram–Schmidt process [15]. In other words,

if LJ1, U2, ..., Um are considered the first m eigenvectors

already calculated using the power iteration, the starting vector

for each iteration, according to the Gram–Schmidt orthogonal-

ization, is given by

Uk–l =U’-l - [u*(’-’)Mu,]*u,

= 3.4, and c,Z = 5.12);

[u”(~-l)mz]”uz

—.. .— [u*(’-l)Mum]*unL. (37)

Using this as a starting vector in each iteration will result in

the calculation of Am+ 1 and Um+l. Note that the accuracy

of the algorithm can be improved by setting the convergence

tolerance to a lower value. It is also important to mention

here that the forward power iteration converges much faster

than the inverse power iteration [12], at least for the type of

problems considered in this paper, which is another significant

reason for implementing this particular algorithm.

III. RESULTS

A complete FEM code based on the analytical formulation

presented in the previous section was written and tested for

a variety of geometries and materials. The FEM code was

interfaced with SDRC I-DEAS [18], a software package from

Structural Dynamics Research Corpomtion with preprocess-

ing requirements such as meshing, material definition, and

boundary conditions. It was also interfaced with other well-

known packages such as PLOTMTV and GEOMVIEW which

can be used for data visualization and important geometry

checks.

The first geometry considered in validating the finite el-

ement formulation and corresponding code was the coupled

microstrip lines initially examined by Mostafa et al. [4] using

a spectral domain approach. The coupled microstrip lines rest

on a uniaxial boron nitride substrate (cZ. = CZZ = 5.12,

~YY = 3.4). The effective dielectric constant, e.. f f, versus

a principal axis crystal rotation angle, (?, as defined in [4], is

depicted in Fig. 3 for two different frequencies: ~ = 10 GHz

and f = 20 GHz. A comparison between our results and data
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Fig. 5. Dispersion curves for the dominant mode of a suspended coplanar

csla = 0.5, and dl = dz = ds = d~ = ds = b/5.

obtained from [4] shows a very good agreement between the

two methods.

A second geometry considered was a unilateral finline

already examined by Mansour et al. [5]. The frequency de-

pendence of the effective dielectric constant ep.ff and the

characteristic impedance Z. is illustrated in Fig. 4. Data

obtained from the corresponding figure in [5] are also shown

on the same graph. The agreement between the two sets of data

is very good. It is important to mention here that the accuracy

of the characteristic impedance depends on the mesh density in

the finite element region, especially near the slot. The reason

is due to the fact that the formulation of the characteristic

d = 0.47’752

waveguide; a = 7.112 mm, b = 3.556 mm, cl/a = 0.4, cz/a = 0.1,

impedance involves the actual field distribution in the entire

structure. Specifically, fields in the vicinity of the slot, which

are known to exhibit rapid spatial variations, require either a

finer mesh or higher order elements for good representation.

In obtaining the results shown in Fig. 4, 13 linear triangular

elements were used across the slot and a total of 1036 elements

in the entire structure.

A suspended coplanar waveguide with magnetic anisotmpic

uniaxial substrates was also analyzed using the finite ele-

ment code. This geometry was initially examined by Maz6-

Merceur et al., [3] using the spectral domain approach. Defin-

ing the quantity C..f ~ . W.eff = (kZ /kO)z [3], the effects
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due to both electric and magnetic anisotropy are accounted

for. A comparison of the ~.,ff . ~..ff versus frequency

between thetwomethods isillustrated in Fig. 5 for a variety

of isotropic and uniaxially magnetic anisotropic substrates.

A good agreement is observed between the two sets of

data.

After verifying the finite element formulation and cor-

responding code, the effective dielectric constant and the

characteristic impedance versus frequency of a conventional

coplanar waveguide were investigated. The geometry is de-

picted in Fig. 6(a) using four commonly used uniaxial/biaxial

anisotropic substrates: sapphire (eZZ = CZZ= 9.4, egg = 11.6),

epsilam-10 (~zr = CZZ = 13.0, Cvv = 10.3), boron nitride

(eZZ = CZZ= 5.12, Cvv = 3.4), and PTFE cloth (cZZ = 2.89,

&YY = 2.45, EZZ = 2.95). The relative permeability of all

these crystals is assumed unity. The corresponding graphs are

illustrated in Fig. 7.

Starting with sapphire in Fig. 7, it is interesting to observe

that the dominant mode is very dispersive. The corresponding

c., f f varies by as much as 100910within the 100 GHz range

shown in the figure. The dispersive behavior of the dominant

mode occurs within the range of 10–30 GHz, which limits the

single mode operational bandwidth. Within the same frequency

range, the corresponding characteristic impedance of the dom-

inant mode exhibits a rapid decrease toward zero. In addition,

the dominant mode shows very little coupling with the first

four HOMS; however, there is a strong coupling between the

first and second HOM’s. As a result of such a strong interaction

between these two modes, the characteristic impedance of the

first HOM is only shown up to a frequency of about 15 GHz,

where significant coupling is observed. Coupling between any

two modes is present when the corresponding phase velocities

or propagation constants are nearly the same. The closer these

quantities are, the stronger the coupling between the two

modes.

Without discussing the remaining three sets of graphs in

Fig. 7 in detail, it is interesting to note that besides the

HOM coupling effects, there is an additional strong interaction

between the dominant mode and the HOM’s. By examining

the field distribution of the dominant mode in the coplanar

waveguide at various frequencies, it was realized that this

mode actually crosses with a number of HOM’s. Although

such a process is cumbersome and time consuming, it is the

only way of tracking down the individual modes within a given

frequency range. This type of dispersion effect, in addition to

the dominant mode dispersion characteristics, further limits

the single mode operation of the structure. A comparison

of the percent change in the effective dielectric constant

of the dominant mode within a range of 100 GHz for all

four substrates is summarized in Table I. The sapphire sub-

strate appears to exhibit the highest percent change in G.. f f,

whereas the PTFE cloth exhibits the lowest. The characteristic

impedance of the dominant mode remains relatively constant

for all four cases up to a frequency where the dispersion effect

becomes quite significant. At that frequency, the characteristic

impedance of the dominant mode begins to decay toward zero.

On the other hand, the first HOM corresponds to a slot-line

like mode [10] and, therefore, the characteristic impedance

asymptotically approaches infinity at frequencies near the

cutoff frequency.

The dispersion curves concerning the conventional coplanar

waveguide were characterized by a strong interaction between

the dominant mode and HOM’s, which clearly restrains the

single mode operation in MMIC’s. Furthermore, the relatively

high percent change in the effective dielectric constant within

the 100 GHz frequency range introduces additional unwanted

dispersion. These problems can be overcome by introducing

a single layer suspended coplanar waveguide as shown in

Fig. 6(b). The effective dielectric constant of the first five

most dominant modes and the characteristic impedance of

the first two most dominant modes were computed and are

shown in Fig. 8. Without discussing each graph individually,

it is clear that there is a significant improvement in the

effective dielectric constant and characteristic impedance of

the current geometry compared to those corresponding to

the conventional coplanar waveguide. First, the dispersive

nature of the dominant mode for all four types of substrate

is significantly reduced. The corresponding percent change

in .sreff is tabulated in Table I. The dominant mode when

using sapphire, epsilam- 10, and boron nitride still exhibits

some interaction with HOM’s, but clearly this mode interaction

occurs at frequencies much higher than those corresponding

to the conventional coplanar waveguide. On the contrary,

the dominant mode when using PTFE cloth, in addition to

having the less dispersive characteristics, shows no interac-

tion with any HOM, at least in a frequency range of 100

GHz. Furthermore, the cutoff frequencies for both the first

and second HOM’s have shifted to a higher frequency. In

particular, the cutoff frequency of the second HOM, in all

four cases examined, shifts to a frequency of about 30 GHz,

which is important for wideband operation in MMIC designs.
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By introducing resistive films in the structure [19], the first TABLE I

HOM can be considerably attenuated, thereby increasing the
PERCENTAGE CHANGE IN THE EFFECTIVE DIELECTRIC

CONSTANT WITHIN A RANGE 100 GHz

single mode bandwidth to approximately 30 GHz which is a Structure Sapphire

3

Epsilsn-10 Boron Nitride PTFEC[oth
significant improvement to that of the conventional coplanar C-CPW +1oo9zo +7570 +85970 +60%

waveguide. S-CPW +83’%0 +67Y0 +26V0 +9~o



12.0

105

T
90 _

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO, 10, OCTOBER 1996

Sapphire (9.4,11.6,9.4)
‘“I ‘V’’r’’’’’’’’””l

80 -

Dominant mode
‘!

------- Higher-order modes

& 75
~ 6.0

Uh ,---- ,. ,,, . ,,,
45

,.-
30 - ..- ,/, ,/, ./,

I-LLZ--l
.,”

0 10 20 30 40 50 60 70 80 90 10+I
Frequency (GHz)

14

Epsilam-10 (13.0,10.3,13.0)
12

10 i— Dominant mode 4
------- Higher-order modes

~8 -
0

~h 6 ,.- ,,. - ,,. -
..- ,., ,,. ,,.---

4
,,- ,,, ,,.,.,

,>, ,,, ,/. ,,.,
,/, ,, ,,.,,”

2 -
,, ,,. ,,,,/

,’ ,, .,’;,-”’,’ ,., //..-
0 I ~’ ‘,’” ,---JT-T I

o 10 20 30 40 50 60 70 80 90 100

Frequency (GHz)

6, 1

1 Boron Nitride (5.12,3.4,5.12)
5 I

1 ——— Dominant mode
4

------ Higher-order modes !

$s
a)3 -

J . . ..----------”
. -------

2 -
. . ----- -----. . ---- -------,. --” -..

,,- -----
,, ---- . ---- ..

,/ ----- .--” .. =--
1 - .--”,,’ . . ---”----- -

----- . . . . ..--. ==.==’----------- .,’ ,.- . . . . . . .
,’ ,. :,.-”

0
,----

0 10 20 30 40 50 60 70 80 90 100

Frequency (GHz)

30, I

1
PTFE Cloth (2.89,2.45,2.95)

25
— Dominant mode

20 ----- Higher-order modes 1

& ......---------”--
*15 - . . ----- --------

-~-..-
U ,---- -------

.,- -------

1.0 - ,., -----
. ----- . .

,,” ----- ------- . . . . . .........---
..- . . ----- ---------

,’ ---- . ---- ..-
05 - ,’ ,,- ,--., -----

,’ ,,,, ,, ,.-
,’ ,’,., ..’ -

,, , ,/-
00

/, 1
0 10 20 30 40 50 60 70 80 90 100

Frequency (GHz)

20 - ~., \

— Dominant Mode ~,
10 ‘.

~ ------ First HOM ‘\\

o0 10 20 30 40 50 60 70 60 90 1~
Frequency (GHz)

60

-.....- ------- -.. .
%

.-

540
“ 30

N
Epsilam-10 (13.0,10.3,13.0)

20 -

I— Dominant Mode10
------ First HOM 1

01 I
o 10 20 30 40 50 60 70 80 90 100

Frequency (GHz)

140

120

~ 100

s ,0 ~ '``. . . .._. __. . . . ..-. ------------" ---" ------------

~ ,() _

No ,0 - Boron Nitride (5.12,3.4,5.12)

20

t

— Dominant Mode

------ First HOM 1
01 I

o 10 20 30 40 50 60 70 60 90 lM

Frequency (GHz)

160

140

120 -

%
j 100 “’’... . . . ---------

. . . . . . . . . . . . . . -------

g 80 :
60 -

N“ PTFE Cloth (2.89,2.45,2.95)

40

20
1

— Dominant Mode

------ First HOM
01” I

o 10 20 30 40 50 60 70 60 90 loil

Frequency (GHz)
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The dispersion characteristics of the suspended coplanar dominant and the first HOM at a frequency of 50 GHz,

waveguide can be further altered by rotating the crystal lattice the rotation angle O is varied from O to 90°. Based on our

in the transverse plane while observing the variation of the experience, effects on the propagation characteristics. such

~reff and ZC at a certaitI frequency. Considering only the as er,ff and ZC, are most noticeable only at relatively high
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characteristic Impedance of a suspended CPW at a frequency of 50 GHz.

TABLE II frequencies. The corresponding results due to crystal rotation
PERCENTAGE CHANGE IN THE EFFECTIVE DIELECTRIC CONSTANTBY ROTATING

THE CRYSTAL LATTICE 90° AT A FREQUENCYOF50 GHz (S-CPW )
for all four substrates are shown in Fig. 9. When using

Mode Sapphire Epsilam- 10 Boron Nitride PTFE cloth sapphire. the effective dielectric constant of the dominant

Dominant +4.4!70 –3.2% –7.0% –2.3% mode increases with angle of rotation @which, according to
Fust HOM +11.770 –9.2% – 16,0% –5.4% Fig. 7, will result in a more dispersive structure. The increase
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ventitFig, 10. Lo

o 1 2 3 .!

Llr>rninant hlode

ngitudinal fields for the dominant mode and first HOM oi-a( :on

in er,ff as 6’ varies from O to 90° is primarily due to the

fact that ev~ > cZZ for this material. In addition to the more

dispersive dominant mode, the gap between the two modes

becomes narrower which clearly results in a much stronger

coupling between them. On the other hand, also illustrated

in Fig. 9, the overall effect of rotation on the characteristic

impedance of the two modes is relatively small. Thus, crystal

rotation effects for the case of sapphire will not improve the

propagation characteristics of the structure, at least as far as

coupling and dispersion is concerned.

For the remaining three types of crystals, i.e., epsilam-

10, boron nitride, and PTFE cloth, the effect of rotating

the crystal lattice is quite opposite to that of sapphire. By

rotating the crystal, the effective dielectric constant of the

dominant mode decreases considerably, thereby improving

the dispersion characteristics of the structure. This decrease

in creff as 6’ increases is due to the fact that eYY < e~~

for these materials. In addition, a considerable decrease in

the coupling between the two most dominant modes is also

observed as the angle of rotation varies from 0° to 90°. The

total percent change in the e..ff of the dominant mode at 50

GHz, as the crystal lattice is rotated by 90°, is summarized

in Table II.

A more complete understanding of the existing modes

in a particular structure is usually obtained through data

visualization of the field components. At a frequency of 15

GHz, typical contour plots of the longitudinal fields for the

dominant and first higher order modes were generated for

each CPW structure using a boron nitride substrate. The

dominant and first higher order modes of the conventional

CPW are depicted in Fig. 10, while those of the suspended

mal CPW at a frequency of 15 GHz (all dimensions are in millimc >ters).

CPW are shown in Fig. 11. For both modes, the contour

plots demonstrate that most of the longitudinal fields are

concentrated within the substrate material of each CPW con-

figuration. The symmetric nature of both CPW structures

along the vertical direction is also illustrated in these fig-

ures. A distinctive characteristic of the dominant mode is

that of a perfect magnetic wall (PMC) across the line of

symmetry; in contrast, the first higher order mode is char-

acterized by a perfect electric wall (PEC). As illustrated in

Fig. 10, for the conventional CPW, the longitudinal fields are

spread throughout the entire substrate, whereas in Fig. 11,

for the suspended CPW, the fields are compressed toward

the substrate interface, thus, resulting in a less dispersive

structure.

IV. CONCLUSION

A suitable vector-nodal finite element formulation, which

incorporates both electric and magnetic biaxial and transverse

plane anisotropies, was presented and applied to several com-

mon MMIC structures. In addition, a convenient characteristic

impedance formulation using linear triangular finite elements

and a power-voltage definition was presented. The resulting

generalized eigenvalue problem was solved efficiently using a

forward iteration algorithm while taking full advantage of the

sparsity of the matrices.

Numerical results of the effective dielectric constant and

characteristic impedance of several MMIC structures using

electric and magnetic anisotropic substrates were compared

with existing published data and show very good agreement.

Two specific geometries, conventional and suspended CPW’s,
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Fig. 11. Lo

o 1 ~ 3 4

Ilk)?nillalll, Jlmle

mgitudinal fields for the dominant mode and first HOM of a sus

were analyzed using four common anisotropic materials. It

was found that the suspended CPW exhibited much less

dispersion and mode interaction compared to the conventional

CPW configuration. The cutoff frequencies of the HOM’s are

also shifted to higher values with the potential for increasing

single mode operational bandwidth. In addition, a principal

axis rotation was shown to further improve the dominant mode

dispersion characteristics as well as dominant mode interaction

with HOM’s.

APPENDIX

Using the perrnittivity and permeability tensor definitions

given in Section II, the corresponding elemental matrices of

the finite element formulation when using linear triangular

elements are given below:

[%]11 = +
{

ezz [b: – b2b3 + b;] + (Ezy + CYZ)

(

b2c3 + czbs + b2c2
. b3c3 – ~

)

+ 6YV[C; – c2c3 + c;]
}

1;
[%122= ~

{
~zz[b; – bibs + b:].+ (c.y + Cyz)

(

blcs + e~bs + b3c3
blcl – ~

)

+ Cgy[c; – C1C3 + c:]
}

1:

24A-{
.Zz[b; - bJb, + b;] + (G, + Cyz)[T’]33 =

$Pel

(38)

(39)

591

J

o 1 ~ 3 4

First hold

nded CPW at a frequency of 15 GHz (all dimensions are in millimetc :rs).

(40)

(C3CI — C; + C2C3
+ GJy

2
— C2C1)1 (41)

{

Czy + &yz

[T;]21 = [~&]12 where ,Yz A ,Z, (42)

+ %y

+ GJz

(b3c2 – bzc2 + bJcl
– b3cl

2 )

(C3C2 — C; + C2cl

2
— C3C1)1 (43 )

{

Qny + ~yx
where

~yx + C=y[T;]31 = [T:,113

[(
[T:]23 = ~ 6..

blbz – b; + b3bl
– b3bz

2 )

(

b1c2 – blcl + bscl _ b3c2
+ %y

2 )

(44)
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(b2CI – blcl + blc3
– bzc3

2 )

(

C1C2 — c; +C3C1

2
— C3C2

)1

{

%y + ~yz
where

~yz + %y

i=l, . . ..3. j=l,3 ..,3

— [b(bs - bz)u& + cj(c3 - c2)rL&[l?:Z]I~=l;~ 3 _b. (c3–c2)P&]

– cj(b3 — bz)w;z” j

7’=1, ...,3

L [bj(b, - b3)wN + Cj(cl- c3)p&[~:Z]2j=~zA _b. (cl–c3)&v]

— Cj(bI — b3)p~a” j

j=l, ...,3

[%13j= 12A ,~[b(bz - b&&+ cj(c2 - cl)&Y

—Cj(bz –bl)~~z” – bj(cz – C1)KY]

j’= 1,...,3

i=l, . . ..3. j=l,3 ..,3

(45)

(46)

(47)

(48)

(49)

(50)

(51)

i=l, . . ..3. j=l,3 ..,3 (52)

1 ifi=j
[~;zlij = $(1+ &j)fzz Sij =

{ O otherwise
i=l, . . ..3. j=l,3 ..,3 (53)
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