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Abstract— This paper presents a full-wave analysis of three
edge-guided mode microstrip isolator structures. Galerkin’s tech-
nique in the spectral domain is used to calculate the insertion loss
and the isolation of the structures. The paper presents figures of
merit of different multilayer structures. A multilayer structure
resulted in increased isolation and lower insertion loss.

I. INTRODUCTION

HE edge-isolator is one of the most widely used magnetic

devices. The principle of operation of these devices is
based on the field displacement effect, i.e., the microwave field
configurations of the forward and backward propagating waves
are different. If an absorbing resistive film is placed at one edge
of the conductor, then different attenuation of these two waves
occurs and an isolator is realized. The geometry of an isolator
with a resistive thin film is shown in Fig. 1. Experimental
work on this type of isolator has been widely reported in the
literature [1]-[7]. Approximate theoretical analyzes have also
been reported [8]-[10]. However, no full-wave analysis of the
present structure has been reported to date.

II. FULL WAVE FORMULATION

A versatile technique for formulating the Green’s function
for structures with transversely magnetized ferrite substrates
was first described by El-Sharawy [1]. This technique utilizes
the transmission matrix of the ferrite layer, wherein all the
fields are expressed in terms of arbitrary constants that arise
in the solution of the wave equation of the medium. The
same technique is used here to derive the Green’s function for
structures containing a normally magnetized ferrite substrate.

The transmission matrix 7" is a 4 X 4 matrix written as [11]

By _Z[E _[TE ZT1[E:

- = T —-= = =T =7 =

J2 J1 Yo iln
where TF ,ET,?T,?J are 2 x 2 submatrices of ?, “n
denotes the spatial Fourier transform defined as

0y

B(K. K,) = / / Bla, y)e K"K do dy (2)

El and Ez are the tangential electric field at the boundaries
of the layer and J; and J, are the tangential surface currents

Manuscript received April 1, 1996.

The authors are with the Telecommunications Research Center, Arizona
State University, Tempe, AZ 85287 USA.

Publisher Item Identifier S 0018-9480(96)08562-6.

defined by J,, = 5 x H,,, where H,, is the tangential magnetic
field at the nth surface of the layer.

Because of the nature of the problem, the normally biased
ferrite substrate transmission matrix is more difficult to derive
than the one for transversely biased ferrite. The derivation
was greatly facilitated by the use of the symbolic computation
software, MAPLE V [12].

We investigated three different isolator structures. The first
structure comprises a single normally magnetized ferrite sub-
strate as shown in Fig. 2. In the second structure, we added
another dielectric layer underneath the ferrite layer as shown

. in Fig. 3. The third structure, called “drop-in element,” is

an isolator structure compatible with Monolithic Microwave
Integrated Circuits (MMIC). In this structure, a dielectric
substrate with relative permittivity equal to 9.8 is used. To
form an EG isolator, we place a piece of ferrite with a resistive
thin film on top of the dielectric as shown in Fig. 4.

A. Green’s Function Formulation

A spectral-domain Green’s function, G, is formulated that
relates the transformed electric field ES on one surface to the
transformed electric surface currents J s, on the same surface.
This relation has the form

By (kg ky) = Gy, ky)J o (ko Ky)- 3)

Using the transmission matrix, Green’s functions can be
formulated in the spectral domain for single and multilayer
structures. For the single-layer structure, the Green’s function
is

G=(TIZE 1+ G @

where Z }F and T]Jc are submatrices of the transmission matrix

of a normally biased ferrite layer and G, is a semispace
Green’s function, which is calculated by taking the limit of
the dielectric Green’s function when the thicknes of the layer
dg goes to infinity and the dielectric constant goes to one
éa = lim éd
dg—oo
€q—1

&)

where Ed is formed using the dielectric transmission matrix
derived by El-Sharawy [11].
For the ferrite-dielectric structure, the Green’s function is

(6

¢ = <%J—§T—1 +5;1)—1
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Fig. 1. Edge-guided isolator with resistive film loading.
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Fig. 2. Geometry of single layer structure.
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Fig. 3. Geometry of double layer structure.

and Z7 and T are the elements of [Thew| where

which is the result of the ferrite and dielectric transmission
matrix multiplication.

For the three layer structure (the drop-in element) the
Green’s function is
A I ZT—1 | ZT—1\—1
G=(Ty2,” +T3Z;") @)
where Z2 and T are the elements of the new transmission
matrix which resulted from the ferrite and air transmission
matrix multiplication.
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Fig. 4. Geometry of drop-in element structure.
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Fig. 6. Symmetric current distribution over dielectric microstrip.

B. Basis Funcrions and Resistive Region Treatment

We selected piece-wise linear basis functions to represent
the current on the microstrip as shown in Fig. 5. The current
in y-direction (transverse) is zero at the edges of the conductor
and the current in z-direction (longitudinal) is maximum at the
edges to satisfy the edge conditions.

)

Current basis functions for (a) longitudinal current (b) transverse current.

e Forward Wave, Re=0.0 Ohms
Backward Wave, Rs=0.0 Ohms

Normalized Coeff. of the Longitudinal Current

2 3 4 5 6
Number of the Basis Function on the Conductor

Fig. 7. Asymmetric current over ferrite microstrip in forward and backward
directions for Rs = 0.

Five basis functions in y-direction and seven basis functions
in z-direction are found to be sufficient for convergence of the
solution. In matrix notation, the system matrix can be written

as . . .
[EJ Zyi] *[ 0 H [JJ' ®)

= °
Zyw Ryy



2664

=
=

T T T T T T
= Forward Wave, Rs=100 Ohms
s Backward Wave, Rs=100 Ohms

=
o

e
=

=
'S

=
o

S T T A | I I n
2 3 - 4 5 6 7
Number of the Basis Function on the Conductor

i L

e
=3

Normalized Coeff. of the Longitudinal Current

Fig. 8. Asymmetric current over ferrite microstrip in forward and backward
directions for R; = 100 Q.
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Fig. 9. The phase constants of forward and backward waves
(d=7.62%x107* m, ey = 12.0,47M, = 1750 G, Hy. = 8000e, AH =
80. Oe,Rs; = 100 Q, W = 1.016 x 1072 m).
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Fig. 10. Computed isolation and insertion loss

(d=7.62x107* m,e; = 12.0,47M, = 1750 G, Hy. = 800 Oe, AH =
80. Oe, R, = 100 Q, W = 1.016 x 1072 m).
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Fig. 11. Comparison of the insertion loss for three isolator structures.

(4nMs = 1750 G, Hg. = 800 Oe, AH = 80. O¢e, R, = 100 Q, W =
1.016E — 2 m. For the single-layer: dy = 7.62E — 04 m,ey = 12.0.
For the double-layer: dy = 2.62E — 04 m,e4 = 3.00. For the triple-layer:
dg = 4.00E — 04 m,eq = 8.90d, = 5.00F — 03 m, ¢, = 1.00).
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Fig. 12. Comparison of the isolation for three isolator structures.
(4rM, = 1750 G,Hy. = 800 O¢, AH = 80. Oe,R; = 100 Q,W
= 1.016E — 2 m. For the single-layer: dy = 7.62E — 04 m,¢; = 12.0.
For the double-layer: dg = 2.62F — 04 m, ¢4 = 3.00. For the triple-layer:
dg = 4.00E —~ 04 m,eqg = 8.90 dq = 5.00E — 03 m, ¢, = 1.00).

We separate the resistive matrix from the impedance matrix,
and integrate the resistive matrix in spatial domain in closed
form once. We also exploit the block Toeplitz symmetry of the
impedance matrix. This means that only the first two rows and
the first two columns of each submatrix must be calculated.
The remaining terms of each submatrix can be filled by using
the terms of the first two rows and first two columns, thus
reducing the time needed to calculate the impedance matrix.

C. Numerical Considerations in the Evaluation
of the Spectral Domain Integration

The spectral domain integrals required in the evaluation
of the impedance matrix elements are evaluated numerically
using sixteen-point gaussian quadrature. The numerical in-
tegration must be carried out to a sufficiently large number
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Fig. 13. The effect of the dielectric thickness on the insertion loss
(df =7.62 x 1074 m,e; = 12.0,47 M, = 2100 G, Hz, = 700 Oe, AH
=80. Oe,Rs = 100 Q, W = 1.016 x 10~2 m, ¢4 = 30.0).
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Fig. 14. The effect of the dielectric thickness on the isolation

dy =7.62x107* m,es = 12.0,47 M, = 2100 G, Hy. = 700 Oe, AH
f f
='80. Oe, Rs = 100.Q, W = 1.016 x 10~2 m, ¢4 = 30.0).

for the integral to converge. As the subdomain size becomes
smaller this upper limit must increase due to the spectral
properties of the Fourier transform of the subdomain basis
functions. The numerical integration must be performed with
enough points to adequately model any rapid changes of the in-
tegrand. As the two subdomain basis functions in the integrand
become physically farther apart, the integrand becomes more
oscillatory requiring more points to assure accurate results. The
integrand has poles corresponding to the propagation constants
of magnetostatic modes. The integration path is deformed
away from the real axis to avoid these poles. The following
numerical expressions are used in the course of our simulation:

« maximum integration limit: Fpax = C1/lnin and

o number of integration points: N; = 1 + [C2AS;Smax]
where

Ci2 numerical constants to be determined
experimentally;
Lnin minimum edge length in the discretization;

2665
0.0 T T T T —T T T T T T
-3.25 |-
B 65
-9.75 |-
-~ Insertion Loss
----- - Isolation
-13.0 L L 1 s 1 L i
9.6 19.2 . 288 38.4 48.0
Dielectric Constant
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dielectric  layer on the isolation and the insertion loss,

(df =7.62x107* m, ey = 12.0,4xM; = 2100 G, Hg. = 700 Oe, AH
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Fig. 16. The effect of the internal dc bias on the isolation,

(d=7.62x10"*m, ey = 12.0,47 M, = 2100 G, AH = 80. Oe,Rs =
100 Q, W = 1.016 x 102 m).
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Fig. 17. The effect of the internal do bias on the insertion loss,
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1000, W = 1.016 x 1072 m).
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Fig. 18. The effect of the film resistance on the insertion loss
and the isolation (d = 7.62 x 1074 m, €p =12.0,47M; = 1750 G, Hy. =
800 Oe, AH = 80. Oe, Freq. = 5 GH, W = 1.016 x 10~2 m).
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Fig. 19. The .effect of the resistive film width on the ihsertion Joss,
(d = 762 x 107* m,e; = 12.0,47Ms; = 2000 G, Hg, = 700 Oe,
AH = 80. Oe,Rs = 100 Q, W = 1.016 x 102 m).
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Fig. 20. The effect of the resistive film width on the isolation,

(d = 762 x 10~* m,ef = 12.0,47M, = 2000 G,Hy. = 700 Oe,
AH = 80. Oe,Rs = 100 Q, W = 1.016 x 10-2 m).

TII. NUMERICAL RESULTS AND CONCLUSION

We compared our Green’s function for the single layer
structure shown in Fig. 2 with the Green’s function derived by
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Fig. 21. A 3-D edge-guided isolator with resistive film loading.
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Fig. 22. Comparison between the numerical and experimental insertion loss
(d=762FE - 04 m,ep =12.0,47M; = 2100 G, Hyg, = 700 O¢, AH =
80. Oe, Ry = 100 Q, W = 1.016E — 2 m).

Pozar [13] using the boundary condition method. An excellent
agreement between these two methods was achieved.

Since the Green’s function of a multilayer structure includ-
ing a normally biased ferrite substrate is not available in the
literature, we compared the limiting case of the ferrite with the
Green'’s function derived by Aberle for multi-layer dielectric
structures [14]. Again excellent agreement was achieved.

We constructed a two-dimensional (2-D) MoM code for
simulating an EG mode isolator with resistive loading as
shown in Fig. 1. First, we examined the limiting case of ferrite
with zero ferrite parameters, which is essentially the dielectric
case, and compared our results to the widely published results
for dielectric microstrip. The computed current distribution
in the longitudinal direction over the conductor is shown in
Fig. 6. As expected, the current is symmetric. In addition, very
good agreement with the dielectric case is obtained for the
propagation constant.
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80. O, R, = 100 O, W = 1.016E — 2 m).
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For the ferrite case, the asymmetric longitudinal current
distribution over the conductor is shown in Fig. 7 for no
surface resistance, and in Fig. 8 for a surface resistance equal
to 100 Q over half of the strip. The current distributions shown
in Figs. 6-8 are normalized to the highest current value. The
phase constants for forward and backward waves are shown
in Fig. 9. The computed insertion loss and isolation are given
in Fig. 10.

‘A preliminary analysis of the three isolator structures in- .

dicates that the best electrical performance is given by the
double-layer structure shown in Fig. 3. While, the performance
of the triple-layer structure shown in Fig. 4 is not as good
as the other two structures, its advantage is that it can be
compatible with MMIC. The insertion loss of the three isolator
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structures is compared in Fig. 11 and the isolation of the three
structures is compared in Fig. 12.

For a single layer of ferrite isolator, the field ellipticities at
the upper and the lower boundaries with air counteract each
other. If the air at one of these boundaries is replaced by a
dielectric layer, as in Figs. 3 and 4, one of the counteracting
ellipticities is replaced by a coacting ellipticity which leads
to increase in the nonreciprocity and the isolation as well
[15]-[17]. :

The effect of the dielectric thickness of the ferrite-dielectric
structure shown in Fig. 3 is studied, the results are given
in Figs. 13 and 14. We note that decreasing the dielectric

- thickness will increase the isolation and decrease the insertion

loss which means improving the isolator performance. It is
worthwhile to note that the isolation and the insertion loss do
not seem to depend significantly on the dielectric constant of
the dielectric layer as shown in Fig. 15. ‘

The normally biased ferrite structure excites the magneto-
static forward volume wave which has the frequency range
fr > f < fu [18] and [19] where

fL :’YHO

fa =y H,(H, + 47('_]\45_)

where H,, 4w M, and y are the internal bias field, the magneti-
zation of the ferrite, and the gyro-magnetic ratio, respectively.
Because of the demagnetization factor for normally biased
ferrite, the internal bias field is related to the externally applied
field H, by H, = H. — 47 M, [20]. It is shown from Figs. 16
and 17 that the peaks move up in frequency when we increased
the internal bias H, following the limits of the volume wave.
The isolation begins after the cutoff limit of the volume wave,

fu-

The optimum resistance of the film is determined from

“"Fig. 18. We note that both the isolation and the insertion loss

are equal when the resistance is zero, which is physically
true. When the resistance is around 20 times the characteristic
impedance of the line, we find that the isolation returns to its
value when the resistance is zero. A possible explanation is the
high resistance acts like an open circuit and the backward wave
will pass through the resistance free region. The insertion loss
doesn’t depend strongly on the resistance since the forward
wave tends to propagates in the resistance free region.

The optimum location and the optimum width of the resis-
tive film are determined from Figs. 19 and 20. The increase
of the width of the resistive film will increase the insertion
loss and the isolation. When we covered the entire conductor
with a resistive film the isolation and insertion loss became
equal and the nonreciprocity vanishes. In all of our figures
except Figs. 18 and 19, the resistance R, is on half of the

* strip, from one edge to its middle. For that reason, the value

of ‘R, does not strongly affect the insertion loss. When R,
covers more than half of the strip, the value of R, starts to
affect the insertion loss.

Finally, we compared our results for the insertion loss and
the isolation for the 2-D structure shown in Fig. 1 with the
experimental results published in [7] for the structure shown
in Fig. 21. Fair agreement is clear from Figs. 22 and 23.
The difference between the numerical and the experimental
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structures is the difference between Fig. 1 and Fig. 21. In
Fig. 1, we assumed matched ports while in Fig. 21 matched
ports are assumed only at the center frequency. Thus, the best
agreement with the experimental results is in the middle of the
frequency range. In addition, in our analysis, the external bias
field is assumed to be exactly perpendicular to the substrate
which is not necessarily true in the practical case. It is essential
to have a flexible tool to be able to handle arbitrarily biased
ferrite slab.

APPENDIX A
ELEMENTS OF THE RESISTIVE MATRIX IN SPATIAL DOMAIN

We selected the piece-wise linear subdomain basis function
as shown in Fig. 24. The conductor is subdivided into NV equal
overlapped segments. The elements of the matrices R, and
Ry, is found to be

i1 0 0 0
i §
s 3 & 0 0
0 0 0 0 O
L0 0 0 0 O
IR

Ry =Rd|l 1 0
0 0 0

Similar matrices can be easily derived for a different number
of basis function and a different location of the resistance.
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