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Analysis of Shielded Striplines and Finlines
with Finite Metallization Thickness
Containing Magnetized Ferrites

Toshihide Kitazawa, Senior Member, IEEE

Abstract —The applicability of the spectral-domain approach is ex-
tended to analyze various types of shielded planar transmission lines,
taking the anisotropy of the magnetized ferrites and the finite metalliza-
tion thickness into consideration. The numerical computations include
the propagation characteristics of finlines and striplines and the metal-
lization thickness effect in these lines. Numerical data of simpler struc-
tures are compared with the available exact solution as well as with
published data.

I. INTRODUCTION

HIELDED planar transmission lines containing ferrites

have received considerable attention from the point of
view of applications for nonreciprocal devices in microwave
and millimeter-wave integrated circuits [1]-[7]. The transmis-
sion line structures with a single-layered ferrite substrate do
not exhibit adequate nonreciprocity, and additional layers,
such as spacer or overlay, are introduced to increase the
nonreciprocity [3], [6]. Analytical methods for multilayered
structures containing ferrites have been investigated mainly
for the finline structures [3], [6] based on the assumption that
the line conductors involved have zero thickness. In these
transmission line structures, however, the electromagnetic
fields are concentrated near the line conductor edge, which
increases the effect of the conductor thickness. In particular,
this effect will be notable for the cases with overlay or spacer
of high permittivity near the line conductor. The metalliza-
tion thickness effect has been investigated by the author for
the cases with isotropic and /or uniaxially anisotropic media
[10]-{14]. ‘

This paper presents an analytical method for various
shielded planar transmission lines with multilayered media
containing magnetized ferrites, taking the finite thickness of
the line conductor into consideration. The method is based
on the spectral-domain approach (SDA) [8], [9]. Galerkin’s
procedure used in the spectral domain has been successfully
applied to analyze the propagation characteristics of various
types of planar transmission lines [3], [8], [9]. The SDA will
be extended in the following to take the anisotropy of the
magnetized ferrites and metallization thickness effect into
consideration without diminishing the versatility of the
method. Since the mathematical formulation of the SDA has
been discussed extensively in [3], [8], and [9], only the essen-
tial steps to the extension will be illustrated.
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Fig. 1. General structure of shielded planar transmission lines with the

stratified media containing the magnetized ferrites.

II. ANnALyTICAL FORMALISM OF ELECTROMAGNETIC
FiELDs

Fig. 1 shows the cross section of the general structure of
planar transmission lines. The structure consists of a number
of printed conductors of finite thickness with the stratified
media. These layers are assumed to be lossless, but one or
more of them may be magnetized ferrites. When the ferrite
in the subregion (m) is magnetized in the y direction, the
permeability tensor is expressed as [3]

m, O Jk
E=ue] 0 1 0 (D
—Jjk 0 pu,

where w1, and k are dependent on the operating frequency
o, the applied dc magnetic field H,, and the magnetization
of the ferrite 47 M, [3].

Electromagnetic ficlds in the subregion (m) are expressed
by the spectral representation in the y direction, e.g.,

E;m)(x7 y, Z) - Z E~§,’")(n, y)e—ja,,ye—jB:

H=—
(m=0,%£1,+2,---) (2)

where B is the phase constant, and E;’"’(n, x) is the Fourier
transform of E{")(x, y). Fourier variables «,, in each subre-
gion are determined satisfying the boundary conditions at
the sidewall [12].
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Fig. 2. Aperture fields.
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Fig. 3. Variation of the propagation characteristics with slot width for
the finline with single-layered ferrite: finline (¢ = 0); ———— finline
(t=70 pum), —-—- partially filled ferrite waveguide [14] e, =125,
4 M, = 5000 (G), Hy=500 (Oe), /=3 (mm), d=1 (mm), A =1 {mm),
A=3 (mm), f =20 (GHz).

The wave equations, which determine the Fourier trans-
form E¢™(n,x) and H {™(n, x), are derived from Maxwell’s
) equatlons as 3]
2
dszf,”')(n,x) — (B2 +a?

== jw;.t,oganﬁ;,m)(n,x)

~ K2, ) ES™(n, x)

2

d
Ex—'Z'H;m)(n,x)—

= jwemga,,E;”’)(n, x)

1 i
B+ #—aﬁ = krzn)Hﬁ"”(n,x)

(3

where krzn = wzem”’()’ =M, — Kz//*r’ and f = K//J'r'
Applying the continuity conditions at the interfaces x =
x,(x,#0,2) to the general solution of (3) and introducing
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Fig. 4. Frequency-dependent characteristics of the dielectric-ferrite
(DF) double-layered finline: present theory (¢ /W =10) ——--
present theory (¢ / W = 0.05); —+—- Ref. [3]. €,, = €3, =12.5, 4w M, =
5000 (G), H, =500 (Oe), I=h= 2 1 (mm), d, = d3=0.25 (mm), W-— 1
(mm), A4 =2.35 (mm).

the aperture fields at x =, e!(y) and at x =0, eX(y) (Fig.
2), the transverse (to x) components of magnetic fields
H™(x,y) in the subregions can be related to the aperture
fields e’(y) and el(y):

H™(x,y,2) = ny,{iz’u,-(x,yly’)ef’(y’)

+¥,,(x, yly)el(y) dy'e 7P (4)

where the Y’s are the dyadic Green’s functions.

Finally, the applying the continuity conditions of the mag-
netic fields at the aperture planes x =1t and 0 to (4), we
obtain the integral equations on the aperture fields e”(y),
e,"(y) and implicitly the propagation constant 8. Then, ap-
plying Galerkin’s procedure [3], [8]-[14] to the integral equa-
tions, we obtain the determinantal equation for 8. In this
procedure, the unknown aperture fields e”(y), e (y) are
expanded in terms of the appropriate basis functions, which
are similar to those in [8]-{14] and take the edge effect into
consideration. Three or four basis functions for each quan-
tity are sufficient for most cases, but more basis functions are

required for extremely wide aperture widths.

II1. NuMERICAL EXAMPLES

To show the validity of the present method, preliminary
computations have been carried out. Fig. 3 shows the slot
width dependence of the propagation constants for the spe-
cial case of the single-layered finline. The metallization
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Fig. 5. Frequency-dependent characteristics of the sandwich finline:
t/W=0;, —— t/W=003. €,, = €3, = 12.5, 4w M, = 5000 (G),
Hy=500 (Oe), I=h=21 (mm), d,=d;=025 (mm), W=1 (mm),
A =235 (mm).

thickness effect in finlines decreases with the aperture width
W. It should be noted that the limiting case W= A4 is
reduced to the partially filled ferrite waveguide problem,
which can be analyzed easily [15]. The numerical results
presented here converge to those of the partially filled ferrite
waveguide for both zero thickness and finite thickness of
metallization, as slot width W approaches A4, which show the
accuracy of the computations. Also, it is observed that there
is significant difference in the effect of the conductor thick-
ness between the forward and backward wave cases, i.e., the
thickness effect of the forward wave case is more than twice
as large as that of the backward wave case for W /4 larger
than 0.2. In the forward wave case, the electromagnetic fields
are more concentrated near the aperture.

Fig. 4 shows the dispersion characteristics of the dielectric
ferrite (DF) double-layered finline. Qur results for the zero-

thickness cases (¢’ =e/ in Fig. 2) are in good agreement

with results in [3], although slight discrepancies appear at
high frequencies.

Fig. 5 shows the dispersion characteristics of the sandwich
finline. If the effect of the metallization thickness is ne-
glected (¢ = 0), the sandwich structure gives higher nonre-
ciprocity than the DF double-layered finline, as pointed out
in [6]. However, the effect of metallization thickness cannot
be neglected in this configuration, and the thickness effect of
the forward wave is larger than that of backward wave.
Therefore, the nonreciprocity is significantly diminished when
the metallization thickness effect is taken into consideration.

In Fig. 6, the differential phase shifts Ag = B, — B, for the
dielectric-ferrite (DF) double-layered and the sandwich fin-
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Fig. 6. The differential phase shifts Ag =8, — ,. (a) Dielectric-fer-
rite (DF) double-layered finlines. (b) Sandwicfu finlines. present
theory (f = (0); ———— present theory (f = 70 um); — - —- Ref. [6] (¢ = 0).
€3, =116, €3, =20.0, M, = 1800 (A/cm), H, =300 (A/cm), [ =h =10
(mm), d; =0.635 (mm), W =1.27 (mm), A =20 (mm).
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Fig. 7. Variation of the propagation characteristics with fin width for
the single-layered coupled coplanar waveguide (C-CPW): C-CPW
(t=0); ——- C-CPW (1 =70 pm); —-— shielded coupled striplines.
e, =127, M;=171 (kA/cm), H,=7.96 (kA/cm), h=1 (mm), d=1
(mm), /=4 (mm), $;=05 (mm), W=1 (mm), 4=20 (mm), f=10
(GHz).

line are compared with those from [6]. It should be men-
tioned that the results in {6] neglect the metallization thick-
ness, and the dimensions of the shielding in [6] were chosen
so large that they have no influence on the results.

Fig. 7 shows the propagation constants of the backward
wave of the single-layered coupled coplanar waveguide (C-
CPW) as a function of the fin width C. When C is dimin-
ished to zero, the structure is reduced to shielded coupled
striplines on a magnetized ferrite. The shielded coupled
striplines with isotropic and /or uniaxially anisotropic media
have been analyzed mainly by applying the spectral-domain
approach and using the current densities on the strips as
source quantities [8]. This conventional approach can be
extended to analyze the striplines of zero thickness with
magnetized ferrite, and numerical values based on the cur-
rent density are included in Fig. 7 for comparison. The
values of C-CPW based on the aperture fields converge
monotonically to that of the stripline based on the current,
as the fin width C approaches 0, which again shows the
validity of the present method. A similar convergence is
observed for forward waves. It should be noted that the
conventional approach based on the current density: cannot
be applied to thick strip cases, whereas the approach based
on the aperture fields is applicable to thick as well as thin
( = 0) conductor cases.

Fig. 8 shows the differential phase shifts for the dominant
¢ and 7 modes of the coupled stripline with the composite
dielectric-ferrite (DF) substrate. The differential phase shifts
for ¢ modes decrease with frequency, whereas those for =
modes increase with frequency.
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Fig. 8. Differential phase shifts for dominant ¢ and = modes of
coupled stripline with composite dielectric-ferrite (DF) substrate:
¢ mode; —~—- 7 mode. €;, =11.6, €,, = 20.0, M, = 1800 (A /cm),
Hy=300 (A/cm), d,=0.635 (mm), /=10 (mm), =04 (mm), W=
1 (mm), A =10 (mm).

Frequency ranges for the numerical computations are cho-
sen to be higher than the resonance frequency. In the
resonance region, losses have to be taken into consideration,
and loss evaluation is scheduled for a future work.

IV. CoNCLUSIONS

The spectral-domain approach (SDA) is extended to ana-
lyze various types of shielded planar transmission lines with
multilayered media containing magnetized ferrites, taking
the metallization thickness effect into consideration. Numer-
ical computations are performed based on Galerkin’s proce-
dure, and they include the propagation characteristics of
various planar transmission lines to show the validity and the
versatility of the method. The numerical data of simpler
structures are compared with the available exact solution as
well as with published data. For the first time, the metalliza-
tion thickness effect is revealed for planar transmission lines
containing magnetized ferrites.
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