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Slow-Wave Characteristics of Ferromagnetic
Semiconductor Microstrip Line

HIROYO OGAWA, MEMBER, IEEE, AND TATSUO ITOH, FELLOW, IEEE

.&tract —A new slow-wave microstrip line made of a ferromagnetic

semiconductor (FMS) substrate is proposed and its characteristics are

discussed. Another possibility of a slow-wave microstrip line by a ferro-

magnetic (FM) snbstrate is also deseribed in this paper. It is shown that

these structures have more desirable and flexible guided wave properties

than the conventional metal–insnlator-semiconductor (MIS) microstrip

line.

1. INTRODUCTION

R ECENTLY, with the advance of monolithic microw-

ave integrated circuit (MMIC) technology, it is con-

sidered important that MMIC’S reduce the size of the

passive circuits, because passive components such as

matching circuits and hybrid circuits require larger chip

area than the active devices. One attempt to decrease the

transmission-line length of MMIC’S has been made by

using the MIS structure (Fig. l(a)) [1]–[4], in which the

slow-wave mode with its phase velocity as small as a few

percent of the free-space velocity can propagate. However,

the slow-wave factor decreases with an increase of

frequency, because the imaginary part of the permittivity

needed for spatial separation of the electric and magnetic

energy storage is inversely proportional to the frequency

(~” = rr/tJCO). Another problem of the MIS microstrip line

is its low characteristic impedance. Some attempts have

been reported in which the slow-wave phenomena are

created by the spatial separation of energy storage by

means of a periodic structure [5], [6].

This paper proposes the ferromagnetic semiconductor

(FMS) and ferromagnetic (FM) microstrip line as an alter-

native slow-wave transmission line. In the FM structure

(Fig. l(b)), an appropriate ferromagnetic loss causes spa-

tial separation of electric and magnetic energy. Hence, a

large series inductance is generated while the line capaci-

tance is little affected. This structure is essentially a dual

of the MIS slow-wave configuration. Note that if a lossless

ferromagnetic substrate is used, the phase velocity de-
creases but the slow-wave factor is not as large as the one
in an FM structure. The relation between the structures

with a lossy and a lossless magnetic material is analogous

to that of an MIS and a microstrip on a lossless, high-per-

Manuscript received March 18, 1986; revised July 22, 1986. This work
was supported in part by the U, S, Army Research Office under Contract
DAAG29-84-K-0076,

The authors are with the Department of Electrical and Computer
Engineering, University of Texas at Austin, Austin, TX 78712.

IEEE Log Number 8610829.

~
Semiconductor Crz TO

)

(a)

w
● .

(b)

\
Ferromagnetic Semiconductor

cr2, 0, 4nk (

(c)

Fig. 1. Structures of slow-wave transmission lines. (a) MIS microstrip
line. (b) FM microstrip line. (c) FMS rnicrostrip line.

mittivity dielectric substrate. The slow-wave mode in the

FMS structure (Fig. l(c)) is produced by two types of

spatial energy separation, one resulting from the ferromag-

netic loss and the other from dielectric loss in the sub-

strate. In contrast, in an ordinary MIS slow-wave mode,

the spatial separation is generated by only the dielectric

loss. With an appropriate choice of structural parameters,

the slow-wave factor at high frequencies can be enhanced

and the characteristic impedance adjusted in a practical
level in the microstrip line created on an FMS substrate

such as NiFe204, ZnFe20d, and MnFe204 [7], [8].

This paper first describes the possibility of the slow-wave

mode on such substrates. Second, some numerical results

are shown and compared with the MIS microstrip line.

The FMS. microstrip line described here can increase the

slow-wave factor to a value larger than that of the MIS

microstrip line. Therefore, it will extend the application

area of the slow-wave transmission line to much higher

frequencies. Although the new structures cannot be built
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slow-wave transmission lines. (a) MIS microstnp line. (b) FM microstrip line. (c) FMS

microstrip line,

TABLE I
COMPARISONOFTUREESLOW-WAVETRANSMISSIONLINES

—

—

.

Transmission line MIS microstrip line FM microstrip line FMS microstrip line

Cause of slow-wave Large capacitance and Large inductance and Both large capacitance
dielectric Iosa magnetic loss and inductance, and

both dielectric loss
and magnetic loss

S low-wave factor at
higher frequency Small Small Large

Characteristic
impedance Low High Practical value in the

medium range

on a GaAs substrate, the new slow-wave configuration

may find applications in conjunction with GaAs MMIC’S
as delay lines and directional couplers.

II. SLOW-WAVE CHARACTERISTICS ON FERROMAGNETIC

SEMICONDUCTOR SUBSTRATE

Since the primary objective of the paper is to study the

fundamental mechanism of qu~tative characteristics, a

parallel-plate waveguide model is used for analysis and a

TM mode propagation is assumed. In an actual microstrip

line with a finite strip width, the modal field is hybrid. The

essential feature reported in this paper will be incorporated

through the TM part of the hybrid field. A more rigorous

analysis technique such as the spectral-domain method can

be used for FM and FMS microstrip configurations.

It has been reported in many papers that the slow-wave

characteristics of the MIS microstrip line depend on the

large capacitance effect between the microstrip and ground

conductors [1] –[4]. Fig. 2(a) displays an equivalent circuit

for an MIS slow-wave “line [1]. While the electric energy is

stored in the thin insulator layer (Cl), the magnetic energy

(represented by L1) is stored mainly in the semiconductor

layer. It is conceivable that the phase constant can also be

increased by the large inductance (L2 ) in an FM config-

uration due to spatial separation of energy by the use of a

lossy ferromagnetic substrate (Fig. 2(b)). If the capacitance

(CJ and the inductance (L2) can be increased at the same

time, the slow-wave factor can be increased further (Fig.
2(c)). In Fig. 2, R ~, G,, Cz, and Rp correspond to the skin

depth resistance, the semiconductor bulk conductance, the

thick-layer capacitance, and the ferromagnetic loss resis-

tance, respectively.

It is known that the characteristic impedance of the MIS

microstrip line is low. This is because when the capaci-

tance is increased, the characteristic impedance decreases.

On the other hand, the characteristic impedance can be

increased if the inductance is increased in the FM struc-

ture (Fi:g. 2(b)). If the capacitance and the inductance are

increased simultaneously (Fig. 2(c)), the characteristic im-

pedance is not significantly affected in spite of the ap-

pearance of the slow-wave phenomena.

Table I summarizes the relation between the transmis-

sion characteristics and the substrate material. The ferro-

magnetic semiconductor substrate could have the possibil-

ityy that the large slow-wave factor can be achieved at

higher frequencies and the characteristic impedance can be

in the practical range compared with the other two sub-

strates.

111. PARALLEL-PLATE WAVEGUIDE MODEL

As stated earlier, the primary objective of this paper is

the study of the fundamental mechanism of qualitative

characteristics. A parallel-plate waveguide model is con-

venient for this purpose. A full-wave analysis [4] can be

easily adapted if more quantitative information such as the

effect of finite width of the microstrip line is needed.

The fundamental propagation mode of the parallel-plate

waveguide is a TM mode [1]. The longitudinal (z direction)

propagation constant is characterized by the complex

number y = a + j~. By using the transverse resonance

method, the following equations are derived:

yzz + y* = – LAopot,pz, i==l,2 (1)

,!l& tanh yid, = O (2)

where y, denotes the transverse propagation constant in

the y direction and i layer, d, is the thickness of each

layer, and c, = c: – .i~j’ and p, = p; – jp; denote the com-
plex permittivity and permeability of each layer. The dis-



1480 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. M~-34, NO. 12, DECEMBER 1986

30

?5

20

15

10

5

00,

\

dl=lum

d2=100um

\

w=200um

\-

41rM~=0.2 kG

Er1=cr~=15.5

\\
=100

N=l .5 A=l OO N=l

I I I I I I I I I I I I
) 0.8 1 2 4 68

Frequency (GHz)
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characteristics for the complex propagation con-

stant are obtained from the eigenvalue solutions of (3) and

(4) [9], [10].

IV. NUMERICAL FILWULTS

The permeability of the ferromagnetic substrate is char-

acterized by a tensor. Tensor elements depend on the

ferromagnetic substrate material and the external magnetic

field. In this paper, in order to make clear the fundamental

slow-wave characteristics of the FM and FMS microstrip

lines, the demagnetized substrate is used as a lossy material

in which the off-diagonal tensor elements are equal to zero.

The relative permeability is given as follows [11], [12]:

“=:[1-(+)’1’2+:(3)

()
N~,,=/jY4=M’ (4)

a

where y is the gyromagnetic ratio, 4mM, is the saturation

magnetization, and A and N are parameters which depend

on the substrate material.

The frequency characteristics of the FM microstrip line

are shown in Figs. 3–6. Under the present parallel-plate

assumption, the characteristic impedance is the ratio of the

series impedance to the shunt admittance of the equivalent

transmission line [1], [3]. These results show that the

slow-wave factor can propagate on the FM microstrip line

as predicted. The ferrite is selected as the substrate material.

Several values of A and N in (6) are selected in the

calculation.

The slow-wave characteristics of the FMS (Fig. l(c))

microstrip line are calculated by (3)–(6). Figs. 7–10 show
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Fig. 4. Attenuation constant of FM microstrip line versus frequency.
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Fig. 5. Reaf part of characteristic impedance of FM microstrip hne
versus frequency.

the frequency characteristics of the FMS microstrip line.

Several values of A and N are selected in the calculation.
The ferromagnetic substrate has another parameter of the

conductivity, which is a part of the permittivity. In these

figures, the conductivity is fixed at u =103 (!2. m) -1. The

dotted lines show the slow-wave characteristics of the MIS

microstrip line whose semiconductor substrate has a con-

ductivity of 103 for comparison.

V. CONCLUSIONS

The slow-wave characteristics of the FM and FMS mi-

crostrip lines have been predicted. The features of the

slow-wave transmission lines analyzed here are sum-

marized.

1) The slow-wave mode can propagate on the FM mi-

crostrip line (see Fig. 3). The slow-wave factor decreases as



OGAWA AND lTOH: SLOW-WAVE CHARACTERISITCS OF MICROSTRIP LINE 1481

300

250

200

150

2
%

~ 100
E

T

50

0, I I I 1 I I I I [ I I I
0.8 1 2 4 68”

Frequency (GHzl

)

60

40

E

A=1OO N=l

,A=50 N=l .5

20

,.
8

6

4

A

2

1

0.8 t- / \,,~.1
L I I

0.6
*

t ./’ I
O&%J 2’ ‘ d“’” J6810

Frequency (GHz)

Fig. 8. Attenuation constant of FMS microstrip line versus frequency.
The dotted line shows the attenuation constant of MIS microstrip line.

Fig. 6. Imaginary part of characteristic impedance of FM microstrip
line versus frequency.
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Fig. 7. Slow-wave factor of FMS microstrip line versus frequency. The

dotted line shows the slow-wave factor of MIS microstrip line.

the frequency increases, because the ferromagnetic sub-

strate has a large loss near the natural resonant frequency

(see Fig. 4).

2) The FM microstrip line has a large characteristic

impedance because of the increase of the series inductance

(see Figs. 5-6). The reason why the characteristic imped-
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Fig. 9. Real part of characteristic impedance of FMS microstrip line
versus frequency. The dotted line shows the real pal of characteristic

impedance of MIS microstrip line.

ante decreases as the frequency increases is the frequency

dependence of the permeability.

3) The great improvement of the slow-wave factor has

been achieved by the FMS microstrip line (see Fig. 7).

Both the magnetic and the dielectric loss contribute to the

increase of the slow-wave factor.
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Fig. 10, Imaginary part of characteristic impedance of FMS microstrip

line versus frequency. The dotted line shows the imaginary part of
characteristic impedance of MIS microstrip line.

4) The attenuation constant is greater than the MIS

microstrip line at the lower frequency because the mag-

netic loss increases rapidly in the vicinity of the natural

resonant frequency (see Fig. 8). CM the other hand, if the

magnetic loss is small, the loss depends on the dielectric

loss at high frequencies.

5) The FMS microstrip line has a larger attenuation loss

than both MIS and FM microstrip lines. The improvement

of the slow-wave factor and the characteristic impedance is

obtained at the sacrifice of increased loss. This is definitely

a limiting factor for applications. However, the structure

can find practical use in several important areas such as

the attenuation circuit with a small size and a well-matched

impedance [13].

6) While the characteristic impedance of the FMS mi-

crostrip line is larger than that of the MIS microstrip line

(see Figs. 9 and 10), it is much smaller than that of the FM

microstrip line, though not shown in the figure. Hence, the
characteristic impedance of the FMS microstrip line is in

the practical range. This feature makes it easy to connect

this structure with other circuit elements which have the

50-Q input/output impedance.
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