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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 theory has been
verified.

APPENDIX

Derivation of (31) is as follows:
@,/ (x) + kN te(x) — by Dpy(x)

= [dydx]"*{®,0'(3) — [ (612" 2(x)1@uo(30)
+ (@ld) T 11 (6D = bay Do)}
[dy/dx] {@,0'(7.) + kN 20(30) = o Puo(7)
— [¥(x)2 *(x)]Puo(7)}
[dy/dx] 2 @,0'(e) + kN ¥o(3) — buo @uo(3}-

Similarly, we obtain
W, (x) + ki (x) = By Pui(x)

= [dyjdx] V2 {(¥,0' (7)) + kN 2003 = o Fao(¥D)-
Substituting these results into (17), we obtain (31).
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Fringing-Field Effects in Edge-Guided
Wave Devices

PIETRO DE SANTIS, MEMBER, 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 used to evaluate the ratio
between the reactive power stored in the fringing fields and the RF
power in the ferrite under the strip conductor in a disk resonator.

I. INTRODUCTION

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 magngtic permeability of the substrate’s material have
“effective” values. In general they are given in the form

=1+ Qe(sr - 1)

ol

where ¢, and g,, are the electric and magnetic filling factors,
¢, and u, are the relative dielectric permittivity and magnetic
permeability of the substrate. The two quantities ¢, and g,
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

(1)
2

Eerr

Hegr =



410
(A)
B)
GROUND RE
PLANE CONDUCTOR
-y
5}
i
M
L I
b ———— — X
Fig. 1. (a) Pictorial representation of the fringing fields of an EGW

in the TEM approximation [6]. (b) Equivalent model used to evaluate
the fringing-field admittance at X = 0, [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
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Fig. 2. Spatial distribution of the vertical component of the electric
field in an EGW circuit, Operation frequency: 8.3 GHz, Hy =
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 H, = 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 ¥ =
H(0)/E,(0) at x = 0 [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

b

bE(0) = ngo (§>

b
H,0) = H, (§> ) (3
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



DE SANTIS: FRINGING-FIELD EFFECTS

N r
2l
SLAB IN VACUUM

g

o8
o)
o
s Bt axa
04
0z
/ >
o 2 4 6 8 © 12 ©(GHz)

PM.W. BOUNDARY CONDITIONS

Fig. 3. The normalized edge admittance defined in [7] as a function
of frequency. Data points refer to the EGW resonators of Fig. 5.

the model [7] enables one to calculate E, and H, and
finally to obtain

x . Ko(K2)
y = K. 7, ___2_
s (x.3)
2
Here K, is the radial wavenumber in air, w is the operation
radian frequency, p, the absolute magnetic permeability
~ of vacuum, and K and K, 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 trascendental 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 H, =
1780 Oe, we have calculated the normalized edge admittance
¥ = Y(ouo/K,) 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 (¥ = 0) toward values close to the “slab in
vacuum” situation (¥ = 1). In Fig. 3 we have also shown
some experimental resuits obtained by observing EGW
resonances in MIC resonators of various shapes (see Section
IID. 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 ledd 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
bhave a semi-empirical character, i.e., it must contain an
adjustable parameter to be determined by experiment.

oy 2 4)
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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. Tue 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. 1(a) as shown in Fig. 1(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 = 0. As in Getsinger’s analysis the junction
effects at x = 0 are neglected because they greatly com-
plicate the analysis and are not found necessary for practical
results.

If the applied dc magnetic field H, is parallel to the Z
axis and Z-independent RF fields are considered, the modes
separate into TE, and TM,, and only the latter are affected
by the magnetic anisotropy of the ferrite. In fact they
propagate in a medium of effective magnetic permeability
Pege = (412 — 1»)/u, where u; and u, are the usual
components of Polder’s tensor. Assuming a dependence
i@~ Es9] for all fields quantities one finds that for x < 0

dZEZa
W - KxazEza =0 (5)
E (x) = A", (K, > 0) (6)
Hx) = ~2Rse gk ™

WHg
I<y2 - I<xa2 = 0)230#0 = K02 (8)
and for x > 0

dZEz
L~ KBy = 0 ©
E,f(x) = Be ™™, (K, > 0) (10)
Hy(x) = I8 (Kx, - & Ky) e~Kxrx  (1])

WloHters Hy

Ky2 - Kxf2 = wzgoﬂosfyeff = Kfzﬂeff (12)

where ¢, 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],

1 (b % .
£ (E, xH,~i)dydz
Y= fo J‘o f]E f;igbz (13)
7 o Bl [BxH (i)l dydz
‘T |E.l/(b')?

where i, is the unit vector in the x direction, and the
asterisk indicates the complex conjugate.

Note that Y; and Y, are x-independent quantities. Let
us now impose the matching condition

Y,+ Y =0 (15)
and, via (6), (7)-(10), (11) and (13), (14) obtain
Kiy — 2K, + g bk, =o (16)

1 b xa

This is the characteristic equation of the model, the junction
effects at x = 0 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, b/b’ 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:(w/wo):(w/a)m)asf] where Wy = '))HO’
w,, = y4nMyg, y being the electron gyromagnetic ratio and
4nM; 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.

1I1. 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, EGW’s exist when
Here < 0. They are undirectional waves, i.e., they circulate
in a given sense of propagation for a given orientation of
the applied magnetic bias H,,. 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
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TABLE
GEOMETRICAL CHARACTERISTICS OF THE EGW RESONATORS SHOWN
IN THE INSERT OF FIG. §

Dky

Type of resonato h ) R (rad/m)
1) Disk - 15 66.66
2) Circular hole - 15 66466
3) Rectilinear + 10 15 54,99

Circular
4) Rectilinear +

Circular 20 10 61.09

(*) A1l lengths are in mm,

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, = 2=n/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 = KR =m, m=123,--- an

where R is the radius of the disk and K, an azimuthal wave-
number which reduces to K, for R — 0.

As it is common practice in this type of experiment, the
radius of the circular edges is chosen sufficiently large to
neglect curvature effects, ie., K, ~ K, [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 H, = 2, 3, 4 kOe. Each resonance
frequency was associated to a discrete value of K, corres-
ponding to (2mn/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 K, coordinate plane. Each dispersion curve was
numerically calculated from (16), with b/b’ as a constant
parameter. In Figs. 4-6, H, 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’ = 0] 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 b/b’ 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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as well as to evaluate a “compensative” loading of the
guiding edge [7]. The explicit relation between the 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 5/b’ whose numerical value was
determined by experiment.

In this section we shall use b/b" to calculate the ratio
between the reactive power P, stored in the fringing fields
and the RF power P, 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

P, = }Y.|IE.[0)|*b? (18)

where Y, is the edge admittance as seen from inside a
rectilinear microstrip of height 4 and length L (see the
insert of Fig. 7).

To find the relation between |Y,| and &/b’, refer to (13),
and obtain

L b
f f E, H,* dy dz = Y,|E,|*b? (19)
0 1]

or via (10), (11)

., b
K., - e Ky — jY. = opopiese = 0. (20)
Hy L
A comparison of this equation with (16) yields the relation
Y,=j Lb & 21
b b wyu,

The net reactive power stored under the strip conductor is

e[ ot on

— soafIEzflz] dx dy dz: . (22

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

b
2— KxaKx e
& ~ b rHest
- 2
Py {[1 + (’2) ] (K. + K,2) — 2 Kfoy}
Hy - - Hy

w ou,

: (1 + 2 “—“) ~ Kottt (23)
Pege O

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. 46 (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 107%-1073% as H,
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. CoNcCLUSIONS

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 microstrip
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
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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-ficld
power and the RF power under the strip conductor is of
the order of a few percent.
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