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Abstract: The influences of tensor parameters on
the characteristics of microstrip structures on
layered ferrite-dielectric substrates for phase
shifter applications are investigated. By fully
incorporating the permeability tensor into the
numerical model, it is found that the propagation
constant, and particularly the characteristic
impedance values, are substantially lower than
those commonly calculated under the scalar per-
meability assumption. The variation of the charac-
teristic impedance is presented with respect to
magnetisation levels, saturation magnetisations
and the thickness of the ferrite layer.

1 Introduction

Printed circuit structures on ferrite substrates [1-3] are
used in applications such as phase shifters [4], magnetic
film isolators or circulators [6]. In particular, a compos-
ite microstrip structure involving a ferrite-dielectric
layered substrate [4, 5] has been found suitable for phase
shifter applications in microwave integrated circuits. For
these structures, the accurate calculation of both disper-
sion behaviour and characteristic impedance is of funda-
mental importance.

Several analytical methods have been investigated
considering reciprocal as well as nonreciprocal proper-
ties. However, the applied techniques are usually based
on a quasi-static-approximation assuming a scalar per-
meability [6]. More rigorous tensor-based analyses,
which only solve the propagation characteristics of
ferrite-dielectric layered microstrip configurations, have
been presented using the spectral domain approach [7,
12] or the method of lines [8]. Besides the fact that the
computations [7] are restricted to narrowband calcu-
lations and a high-applied magnetic field, neither of these
papers present data on, or even mention, the character-
istic impedance, which is an extremely important factor,
e.g. for low-reflection phase shifter design.

Therefore, this paper focuses on the characteristic
impedance calculation of ferrite-dielectric layered micro-
strip lines. It is demonstrated that to obtain reliable data
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on the characteristic impedance, the scalar permeability
assumption is not sufficient, but the full tensor needs to
be considered. The applied theory is based on the spec-
tral domain approach [9] and includes the magnetisation
of the ferrite layer in propagation direction as well as the
anisotropic effects of the permeability tensor. Therefore,
an accurate numerical model for the calculation of both
the normalised propagation constant and the character-
istic impedance is obtained. In the example of an integ-
rated circuit phase shifter structure, the influence of the
tensor parameters are demonstrated with respect to dif-
ferent magnetisation levels, different saturation magne-
tisations and the thickness of the ferrite layer.

2 Theory

Fig. 1 shows the cross-section of the microstrip line under
investigation and the co-ordinate system for the analysis.

Fig. 1

Cross-section of ferrite-dielectric-substrate microstrip line

With the biasing DC magnetic field H, in propagation
direction [5], the permeability tensor reads
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where p, « and u, are real quantities. For the demagnet-
ised ferrite, the relative permeability element [2] can be
expressed as
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where
o, = y(4nM,) (3

w is the operating angular frequency, y is the gyromag-
netic ratio and 4nM, is the saturation magnetisation.

In the general case of a partially magnetised ferrite, the
experimental expressions for g, x and u, are used [5]
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The electromagnetic field in each homogeneous sub-
region i = 1, 2 and 3 (see Fig. 1)

V x H = jweE V() =0
V x E = —jo(idH VE=0 )

is calculated from the E, and H, components. In regions
i = 1 and 2, the Helmholtz equation
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where the tilde denotes the Fourier transform, A4; to D;
are amplitude coefficients and k? = w?ee,ipo (i=1, 2
and 3).

In region 3, the coupled Helmholtz equations derived
from eqns. 1 and 7 read
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The solutions of eqn. 11 can be expressed as
E = Aye ™ + By — Z(Cye "™ + D3e'™) (15)
B,,= —Y(Ase ™ + Bye™) + Cae "™ + Dy'”  (16)
with
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By matching the field components at interfaces h, and
ks + h,, and introducing the well known current dis-
tributions on the strip

e
=G}

=)

and applying the Galerkin method in the spectral domain
[9, 10], the characteristic matrix equation system of the
ferrite-dielectric layered microstrip structure can be for-
mulated. After obtaining the propagation constant for
the dominant mode as the first zero of the system deter-
minant, the characteristic impedance defined as the ratio
of power and current [11] can be calculated.

3 Results

In Figs. 2 and 3, the line characteristics obtained with
this method are compared with those reported in the lit-
erature for integrated circuit phase shifter applications
[5]. For a demagnetised ferrite layer, Fig. 2 demonstrates
good agreement between the quasi-static-approximation
[5] and this method using an effective permeability. By
including the tensor properties, however, the analysis
produces lower values for the normalised propagation-
constant (Fig. 2a) and the characteristic impedance (Fig.
2b). This effect is even more pronounced towards higher
frequencies.

A similar behaviour is observed in Figs. 3a and b for
the polarised ferrite layer. It should be noted that the
difference in characteristic impedance between the quasi-
static-approximation [5] and the rigorous tensor-based
method presented here is now slightly increased, com-
pared with the demagnetised case in Fig. 2. This is due to
the fact that the tensor parameters have a reduced influ-
ence on the guided wave effect, as opposed to the scalar
permeability assumption. Therefore tensor components
need to be considered in the accurate computer-aided
design of integrated ferrite-dielectric phase shifter com-
ponents as phase, and especially matching relations, are
directly influenced by the propagation constant and char-
acteristic impedance, respectively.

Figs. 4a and b show the line characteristics as a func-
tion of the magnetic bias with the saturation magnet-
isation as a parameter. The frequency is kept constant at
9 GHz. Both the propagation constant (see Fig. 4a) and
the characteristic impedance (see Fig. 4b) decrease with
magnetisation and increase with saturation magnet-
isation. Also, the difference in characteristic impedance
between high and low-applied magnetisation becomes
larger as the saturation magnetisation is reduced. This is
due to the fact that the influence of the tensor parameters
lead to a larger variation with increasing applied mag-
netic bias.

Fig. 5 demonstrates the range of variations in propa-
gation constant and characteristic impedance with
respect to the thickness of the ferrite layer. The increase
in the normalised propagation constant towards thicker
ferrite layers and the relatively small reduction in charac-
teristic impedance is clearly a result of the layered struc-
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ture and, in particular, the influence of the tensor param-
eters. As the power-current-defined characteristic imped-
ance of a standard microstrip structure on a purely
dielectric substrate shows opposite tendencies, this
demonstrates again the necessity of tensor-based numeri-
cal models for the evaluation of microstrip impedance
and propagation characteristics.

4 Conclusions

The influence of tensor parameters on the characteristic
impedance and normalised propagation constant of
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Fig. 2 Comparison of this method with Reference 5 for demagnetised
Jerrite

a Normalised propagation constant

b Characteristic impedance

Dimensions: w = 0.67 mm; h, = 0.254 mm; h, = 0.8 mm; L = 20 mm; ¢,; = 9.9;
£, = 16.6; 4nM, = 2800 Gauss
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ferrite-dielectric layered microstrip lines has been invest-
igated. It has been found that by considering the per-
meability tensor, the characteristic impedance values are
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Fig. 3 Comparison of this method with Reference 5 for polarised
ferrite

a Normalised propagation constant

b characteristic impedance

Dimensions according to Fig. 2; w=0.67 mm; h, = 0.254 mm; hy =08 mm;
L=20mm;¢,, =99;¢;= 16.6; 4nM,. = 2240 Gauss
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substantially lower than those obtained with the com-
monly used scalar permeability approximation. Line
characteristics have been presented with respect to mag-
netisation levels, saturation magnetisations and the thick-
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ness of the ferrite layer. The results obtained for the 5  Acknowledgment
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