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of cladding. Some applications have been presented: For

a parabolic-index profile, the results of the rigorous analysis

have been shown by which the present

verified.

APPENDIX

Derivation of (31) is as follows:

@nl ‘(xc) + kJ~l(xc) – Z7”1mnl(xc)

theory has been

= [dJ@]’/’{@n(ye)c)- [y’’(xc)/2Y’2(~c)l@no(Yc)

+ (dy/cix)- lkJx,(xc)– ~nl @.o(Yc)}

—— [dy/dx]’/’{@n(yJyJ + kix,(yc) - bno @.o(Yc)

- [y’’(xc)/2y’2(xc)]mno(Y.)}

m [dy/dx]’/’{@n(ye)c) + kJ~o(yc) - b., mn,(yc)}.

Similarly, we obtain

Ynl ‘(xc) + kJxl(xc) – b,,, Yni(xc)

= [dy/dx]’/’{Yn(ye)c) + kd~o(yc) - bno ‘l’,,o(yc)}.

Substituting these results into (17), we obtain (31).
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Fringing-Field Effects in Edge-Guided
Wave Devices

PIETRO DE SANTIS, Ml?MBER, IEEE

Abstract—An equivalent model is presented for evaluating the fringing-
field effects in edge-guided waves (EGW) propagating along ferrite

microstrip circuits. It is based on the approximate model developed by
Getsinger for nonferromagnetic microstrip circuits. Fringing-field
effects are characterized by a fringing-field parameter b/b’ whose

numerical value is determined by experiment. Measurements are made

on EGW resonators of various shapes for different values of the applied

magnetic bias.

Finally, the fringing-field parameter is nsed to evaluate the ratio
between the reactive power stored in the fringing fields and the RF
power in the ferrite rurder the strip conductor in a disk resonator.

I. INTRODUCTION

F RINGING-FIELD effects in ferrite microstrips have

been studied by a number of authors [1]–[3]. Similar

to what has been done for microstrips on a nonmagnetic
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substrate, they are accounted for by introducing a “mag-
netic” filling factor, which reduces the numerical value of

the magnetic permeability of the substrate. Therefore, in

ferrite microstrip lines both the dielectric permittivity and

the magnetic permeability of the substrate’s material have

“effective” values. In general they are given in the form

&eff’ = 1 + qe(8r – 1)

,kff =
[1 ‘4;- 1)1-’

(1)

(2)

where q. and qm are the electric and magnetic filling factors,

e, and p, are the relative dielectric permittivity and magnetic

permeability of the substrate. The two quantities qc and qm

depend upon the geometry of the microstrip circuit and

are in general different from each other [4].

The expressions (1) and (2) are valid under the hypothesis

that the substrate is characterized by scalar constitutive
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Fig. 1. (a) Pictorial representation of the fringing fields of anEGW
in the TEM approximation [6]. (b) Equivalent model used to evaluate
the fringing-field admittance at X = O, [7]. (c) Proposed equivalent
model.

parameters and the electromagnetic field extends throughout

the volume between the ground plane and the strip con-

ductor, i.e., it is a “volume wave” field.

Whenever this volume wave field propagates in a wide

microstrip (W/b >> 1, W being the strip’s width and b

the substrate’s thickness) the use of (1) and (2) in con-

junction with perfect magnetic-wall boundary conditions

at the strip’s edges, yields a good agreement between theory

and experiment [5]. Under these circumstances most of the

guided power flows under the strip conductor and only a

small fraction of it is involved in the fringing fields. A

different situation may be encountered in wide ferrite

microstrips magnetized perpendicularly to the ground

plane.

Here the RF fields may be concentrated at one strip’s

edge and their amplitudes decrease toward the axis of the

structure [edge-guided wave (EGW)]. A pictorial rep-

resentation of an EGW field was given by Hines in [6] and
is repeated in Fig. 1(a).

In this figure one may recognize that, even in a very wide

microstrip, the fringing-field power in regions 1 and 2 is a

significant portion of the total EGW power whenever the

field’s amplitude in region 3 displays a rapid transversal

attenuation.

We have obtained experimental evidence that in wide

ferrite microstrips RF fields of considerable amplitude

exist in the air just above the ferrite substrate outside the

strip conductor. Fig. 2 shows the vertical component of

the electric field measured by a coaxial probe scanned in

Fig. 2. Spatial distribution of the vertical component of the electric
field in an EGW circuit. Operation frequency: 8.3 GHz, HO =
3100 Oe. The substrate is YIG, 0.6 x 36 x 50.8 mm. The central
part of the strip is 6.4 mm wide.

planes perpendicular to the microstrip axis. The substrate

is a YIG plate 0.6 x 36 x 50.8 mm, the central part of

the strip conductor is 6.4 mm wide, the operation frequency

is 8.3 GHz, and the magnetic bias HO = 3100 Oe. In Fig. 2

a number of interesting phenomena are evident, such as a

longitudinal stationarity, a strong transversal-field dis-

placement effect, and the presence of RF fields at one of the

substrate’s edges. All these phenomena are of no easy

interpretation in terms of pure EGW propagation. Prob-

ably surface wave propagation and scattering from the

metallic probe are present as well. Although no clean

excitation of a pure EGW mode was possible, however, it

seems reasonable to associate the transversal-field dis-

placement effect with an EGW phenomenon. Therefore,

we conclude that qualitative experimental evidence exists

of the presence of EGW fringing fields in the air just above

the substrate surface. A quantitative evaluation of the

fringing-field power, however, is not possible unless suitable

steps are taken to avoid the simultaneous excitation of

spurious modes.

In [7] the fringing field effects were theoretically evaluated

by introducing an “edge admittance” which was calculated

by means of an equivalent model. The model is shown in

Fig. 1(b) and is derived from the original structure by

conformal mapping techniques. The edge admittance Y =

HYPE, at x = O [Fig. 1(a)] was obtained from the
model of Fig. 1(b) by neglecting the RF fields in the r <

(b/2) region (shaded area) and imposing

()bEZ(0) = ; bEO ;

()b
HY(0) = Hz - . (3)

2

Here the quantities on the right- and left-hand side, res-

pectively, refer to the model and to the original structure.

The resolution of the boundary value problem relative to
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Fig. 3. The normalized edge admittance defined in [71 as a function
of frequency. Data points refer to the EGW resonators of Fig. 5.

the model [7] enables one to calculate E. and Hz and

finally to obtain

()K. Ka ;
y–jKa.:. (4)

cqu~ 2

( )“
K1 Ka ~

2

Here Ka is the radial wavenumber in air, co is the operation

radian frequency, NO the absolute magnetic permeability

- of vacuum, and K. and K1 the modified Bessel’s functions

of the second kind.

The formula (4) completely characterizes the fringing-

field effects once K= is determined. This implies the com-

puter solution of the transcendental equation obtained by

equating (4) to the transversal wave admittance at x = 0+.

This was, in fact, done in [7]. From the data reported in [7]

for a semi-infinite microstrip deposited on a YIG substrate

0.025 in thick, immersed in a dc magnetic field Ho =

1780 Oe, we have calculated the normalized edge admittance

? = Y(fD~o/Ka) as a function of frequency. This is shown

by a solid line in Fig. 3. This figure shows that the model

predicts a normalized edge admittance which increases

from values close to the perfect magnetic-wall boundary

condition (? = O) toward values close to the “slab in

vacuum” situation (~ = 1). In Fig. 3 we have also shown

some experimental results obtained by observing EGW

resonances in MIC resonators of various shapes (see Section

III). Unfortunately, the agreement between theory and

experiment is rather poor.

At this point one might think of introducing a more

sophisticated model which would produce a better agree-

ment between theory and experiment. This process, however,

would inevitably lead to major analytical complexities which

on the other hand would not eliminate the need of checking
the results by experiment. In the light of these considerations

we suggest the use of a very simple equivalent model and

recognize from the very beginning that the analysis must

have a semi-empirical character, i.e., it must contain an

adjustable parameter to be determined by experiment.

4[11

The difficulty of the problem is now represented by the

choice and determination of such a parameter. As a first

choice one might select the edge admittance itself as a

parameter and measure it. Another possibility is to look

at the methods of evaluating fringing-field effects in isotropic

microstrips and extend them to the case under consideration.

We have chosen the latter possibility and, more specifically,

we have applied Getsinger’s analysis [8] to the case of

EGW propagation.

In the following section it will be shown that the empirical

parameter introduced by Getsinger for nonferromagnetic

microstrips is suitable also for ferrite microstrips and can

be related to the edge admittance in a very simple manner.

II. THE EQUIVALENT MODEL

A simplified model equivalent to the original EGW

microstrip circuit of Fig. 1(a) is found following the lines

of Getsinger’s analysis [8]. It is obtained by deforming

the geometry of Fig. l(a) as shown in Fig. l(c) and is

constituted by two parallel-plane waveguides of heights b

and b’, respectively, filled with ferrite and air, joined to-

gether at x = O. As in Getsinger’s analysis the junction

effects at x = O are neglected because they greatly com-

plicate the analysis and are not found necessary for practical

results.

If the applied dc magnetic field Ho is parallel to the Z

axis and Z-independent RF fields are considered, the modes

separate into TEZ and TMZ, and only the latter are affected

by the magnetic anisotropy of the ferrite. In fact they

propagate in a medium of effective magnetic permeability

Aff = (P12 – PZ2)/PI where PI and A are the usual

components of Polder’s tensor. Assuming a dependence
e[~(ot - ‘YY)I for all fields quantities one finds that for x < 0

d 2Ezm—— KXo2Eza = O
dx2

Eza(x) = AeK””x, (Kwa > O)

—.iK.. AeK...Hya(x) = —
cop~

KY2 – KXa2 = co2&opo = K02

arid for x > 0

d 2EZJ—. KXf 2Ezf = O
dx2

Ezf(x) = Be- Kx’x, (KXf > O)

Hyf(x) = ~
( )
K.f – ~ Ky e-&X

fDp&ueff PI

KY2 – KXf2 = C02&o/.@P.ff = K~2~,ff

(5)

(6)

(7)

(8)

(9)

(lo)

(11)

(12)

where &f is the relative dielectric constant of the ferrite and

A,B are amplitude constants.

To find the characteristic equation of the model, let us

introduce two equivalent transmission lines, respectively,

extending along the positive and negative X axis, and
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associate with them the characteristic admittances [9],

(13)

~ ~ f: R [~za x H,.” o(-ix)] dy d,z (14)
lEZa12(b’)2

where ix is the unit vector. in the x direction, and the

asterisk indicates the complex conjugate.

Note that Yf and Y. are x-independent

us now impose the matching condition

quantities. Let

(15)

and, via (6), (7)–(10), (11) and (13), (14) obtain

(16)

This is the characteristic equation of the model, the junction

effects at x = O being neglected.

Here b/b’ plays the same formal role as in Getsinger’s

analysis [8, eq. 8]. However, at variance to the isotropic

case, bib’ is now a function of the magnetic properties of

the substrate. In general, for an EGW microstrip circuit

of thickness b and radius of curvature R, one would expect

(b/b’) = (b/b’) [R,b,(co/wJ,(ojaQ&f] where m. = yHo,

CDm= y47cM~, y being the electron gyromagnetic ratio and

41rM~ the saturation magnetization of the ferrite.

In the following section we shall present the experimental

determination of (b/b’) for various MIC circuits with

different magnetic biases.

III. THE DETERMINATION OF b/b’

The determination of the numerical values of b/b’ was

made by observing EGW resonances in ferrite MIC

resonators of various shapes with different magnetic

biases. Disk resonators, “circular-hole” resonators wherein

the substrate is metallized everywhere but in a disk-shaped

region and resonators with mixed rectilinear and circular

edges were tested, The geometrical dimensions of each

resonator are reported in Table I. Note that the radius of

curvature of the circular-hole resonator is opposite in

sign to that of the disk resonator and that in the resonators

3) and 4) the length of the rectilinear guiding edge is,

respectively, 17.5 and 39 percent of the total length. There-
fore, the measurement of resonances in these resonators

may provide helpful information on how the curvature

radius of the guiding edge influences the EGW propagation.

EGW disk resonators were already studied in [10] and

here we just report the guidelines of the analysis.

In a MIC disk, deposited on a ferrite substrate magnetized

perpendicularly to the ground plane, EGWS exist when

p.ff <0. They are unidirectional waves, i.e., they circulate
in a given sense of propagation for a given orientation of

the applied magnetic bias HO. If the RF signal is injected

into and extracted from the resonator by lightly coupled

microstrip lines (miniature coaxial probes for the circular-

hole resonator), resonances are expected in the transmission

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, JULY 1976

TABLE I
GEOMETRICAL CHARACTERISTICS OF THE EGW RESONATORS SHOWN

IN THE INSERT OF FIG. 5

~ (*) ~ A%
&pO of refmnaio (K+)

I

1 ) Disk 1- 1 15 I 66.66

2) Circular hole 15 66.66

3) Rectilinear +

Circular
10 15 54.99

4) Rectilinear +

Circular 20 10 61 .C13

(*) 4X lengths are in m.

Note: From left to right, the vertical columns indicate 1) the length
of the rectilinear portion; 2) the curvature radius of the circular edge;
3) AK, = 2z/L, the increase in longitudinal wavenumber between
two successive resonances. L is the total length of the guiding edge.

spectrum whenever the azimuthal index is an integer, i.e.,

n= KoR=m, m = 1,2,3,. . . (17)

where R is the radius of the disk and K. an azimuthal wave-

number which reduces to KY for R + co.

As it is common practice in this type of experiment, the

radius of the circular edges is chosen sufficiently large to

neglect curvature effects, i.e., & = KY [11]. A similar
type of reasoning is believed to be valid in principle for the

other EGW resonators. Swept-frequency measurements

from 2 to 12.5 GHz were made of the transmission spectrum

of the resonators for HO = 2, 3, 4 kOe. Each resonance

frequency was associated to a discrete value of KY corres-

ponding to (2mrc/L), L being the length of the guiding

edge (see the third column in Table I).

The data points were superimposed on the dispersion

curves of the equivalent model, drawn on a frequency

versus KY coordinate plane. Each dispersion curve was

numerically calculated from (16), with b/b’ as a constant

parameter. In Figs. 4-6, Ho is, respectively, equal to 2, 3,

and 4 kOe, while the values of b/b’ cover the range of

interest O-1. From these results it is concluded that in many

cases of interest b/b’ lies between 0.4 and 0.7, i.e., between
the perfect magnetic wall [b/b’ = O] and the slab in vacuum

[b/b’ = 1] limits. In Figs. 4-6 we have also indicated with

dotted lines the dispersion curves relative to the edge

admittance given by formula (4). Unfortunately, the agree-

ment between these curves and the experimental points is

in general rather poor.

Finally, we note that the knowledge of the numerical

value of bJb’ has a twofold importance: it provides the

correct behavior of the dispersion curves of the EGW

circuit and the exact value of the. edge admittance at the

strip’s edge. In particular, the knowledge of the edge

admittance is of practical importance as it permits one to

calculate the reactive power stored in the fringing fields
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Fig. 6. Same as Fig. 5. HO = 4000 Oe.

to evaluate a “compensative” loading of the

guiding edge [7]. The explicit ;elation between ~he edge

admittance and the parameter b[b’ is given in the following

section.

IV. FRINGING-FIELD POWER

In Section III fringing-field effects were characterized by

an adimensional parameter b/b’ whose numerical value was

determined by experiment.

In this section we shall use b/b’ to calculate the ratio

between the reactive power Pa stored in the fringing fields

and the RF power Pf under the strip conductor in an EGW

disk resonator of thickness b and circumference length L.

In the spirit of the measurements described in Section III,

curvature effects are neglected and reference is made to a

rectilinear geometry.
Under these circumstances the reactive power stored in

the fringing fields is

Pa=, ‘1 Yell~zf (0)12b2 (18)

where Y, is the edge admittance as seen from inside a

rectilinear microstrip of height b and length L (see the

insert of Fig. 7).

To find the relation between IYJ and b/b’, refer to (13),

and obtain

Lb

H
EzfHYf* dy dz = YJEzf12b2 (19)

00

or via (10), (11)

‘2 KY – j Y, ~ WpoPeffK ——
Xf = o. (20)

#l

A comparison of this equation with (16) yields the relation

L b KXa
Y,=j–– —.

b b’ quo
(21)

The net reactive power stored under the strip conductor is

~(fWeff) (IHJ2 + IHyf 12)

‘f=w!:rm=

- ““f’Ezf’21 ‘Xdydzlo ’22)

Substitution of (10) and (11) into (22), and (10) and (21)
into (18) leads to

2 ; KXaKXfp,ff

~=([’+k)’l. }
(KXf2 + KY2) – ~ KxfK,

Fig. 7 shows the numerical solution of (23) for an EGW

disk resonator of radius 15 mm, deposited on a substrate

0.6 mm thick, immersed in dc magnetic fields of 2, 3,4 kOe.
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Fig. 7. The ratio of the fringing-field power and the RF power stored
in the ferrite under the strip conductor. All values are multiplied
by 1000.

The dispersion characteristics of this resonator were

studied in Section III and reported in Figs. 4-6 (open

circles), From Fig. 7 it appears that in an EGW resonator

with b/L = 0.0063 the ratio between the reactive power

stored in the fringing fields and the total RF power under

the strip conductor is within the range 10-2-10-3 as HO

increases from 2 to 4 kOe. Note that the previous procedure

is applicable also to the evaluation of reactive power stored

in the fringing fields of conventional MIC disk resonators

such as used in MIC junction circulators.

V. CONCLUSIONS

A simplified equivalent model is proposed to evaluate

fringing-field effects in ferrite microstrip circuits excited

on the EGW mode. It is found that, similar to what has

been done by Getsinger for nonferromagnetic rnicrostrip

circuits, an empirical parameter can be introduced into the

analysis to provide good dispersion curves for many cases

of practical interest. Measurements on EGW resonators of

various shapes and with different magnetic biases were

made for the determination of such a parameter. It was

found that a numerical value between 0.4 and 0.7 is ap-

propriate for most cases.

In the last section a relation is found between the fringing-

field parameter and the edge admittance necessary to

calculate the reactive power stored in the fringing fields. It

is found that in an EGW disk resonator with an aspect

ratio b/L = 0.0063, the ratio between the fringing-field

power and the RF power under the strip conductor is of

the order of a few percent.
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